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  Pref ace   

 Nanoparticles have emerged as an exciting technology platform that can be exploited 
for diagnostic, therapeutic, and their combined theranostic applications. Their var-
ied chemical compositions can be exploited for use with different imaging modali-
ties, such as magnetic resonance imaging (MRI), magnetic particle imaging (MPI), 
computer tomography (CT), positron emission tomography (PET) and single-pho-
ton emission computed tomography (SPECT), ultrasound (US), as well as optical 
(fl uorescent) imaging. The key determinants for successful use of nanoparticles are 
sensitivity, specifi city, pharmacokinetics, and safety. In the 21 chapters of this book, 
world-leading experts describe the chemistry, imaging acquisition and processing, 
as well as the requirements for clinical translation. Applications range from cell 
tracking in regenerative medicine to the early detection of cancer and infl ammation 
across all major imaging modalities. We hope that this book will provide a funda-
mental basis for further innovation and synergy of the fi elds of nanomedicine timely 
and diagnostic imaging.  

  Baltimore, MD, USA     Jeff     W.  M.     Bulte    
 Pittsburgh, PA, USA     Michel     M.  J.     Modo     
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      Nanoparticles as a Technology Platform 
for Biomedical Imaging                     

     Jeff     W.  M.     Bulte      and     Michel     M.  J.     Modo    

        Imaging   and  therapeutic   delivery is increasingly relying on  nanoparticles   as a key 
technology platform. This common technology interface affords new opportunities 
to combine the diagnosis and treatment into a “unifi ed” one-step theranostic 
approach. Nanoparticles are now emerging as a main innovation driver in develop-
ing novel imaging applications, especially in nanomedicine. 

1     Origins of Nanoparticles in  Biomedical Imaging         

 The use of  nanoparticles dates   back to ancient history with clay minerals providing 
color in pottery [ 1 ], with gold and silver particles being incorporated in opulent 
ceramics by Mesopotamians [ 2 ]. The word “tattoo” comes from the Polynesian word 
“tatau,” where the Pacifi c Islanders have used nanoparticles for thousands of years 
to mark one’s genealogy, societal hierarchy, and personal achievements. These visual 
properties of  nanoparticles   were also documented by Michael Faraday, who was 
experimenting with different metal particles and their effects on light [ 3 ]. These 
nanoparticles are natural products from organic (e.g., polysaccharides), as well as 
inorganic elements (iron oxides). These specifi c applications revealed their unique 
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properties that led to detailed investigations to more systematically produce particles 
exhibiting the desired characteristics. 

 A major characteristic of  particles   of <100 nm is their ability to form colloids (i.e., 
lack of sedimentation when suspended in a liquid phase) [ 4 ]. To account for size, 
 nanoparticles   were initially termed ultrafi ne particles (1–100 nm in size) to contrast 
these with fi ne (100–2500 nm) and coarse particles (2500–10,000 nm). The term 
 nano  is derived from the Greek language, meaning “dwarf.” It was only added in the 
1990s to provide further emphasis on size as being a key characteristic that distin-
guishes these ultrafi ne particles from larger ones. This is refl ected in the defi nition of 
the International Union of Pure and Applied Chemistry (IUPAC), which determines 
a size between 1 and 100 nm as the key characteristic, although under certain circum-
stances  particles      larger than 100 nm can also behave like nanoparticles [ 5 ]. 

  Nanoparticles   have a long-standing tradition in biomedical  imaging  . The fi rst 
contrast agent was used in 1905 for X-ray imaging by Walter Cannon. For this, 
naturally occurring high-density metal salts, notably bismuth- or barium-based 
nanoparticles, were mixed with food to noninvasively visualize the mechanics of the 
digestive tract [ 6 ]. The generation of novel radioactive particles was a by-product of 
the nuclear arms’  development   that in 1946 was declassifi ed as part of the Atomic 
Energy Act for the civilian development of radioactive-based therapies and imaging 
[ 7 ]. Imaging of   198 Au colloids   was subsequently used to investigate its organ distri-
bution, revealing an accumulation in the kidneys, spleen, and liver [ 8 ]. This pro-
vided the fi rst imaging of the  reticuloendothelial system (RES)  . The fi rst specifi c 
nanoparticle preparations for electron microscopy consisted of natural horse spleen 
ferritin that afforded the specifi c detection of antigen [ 9 ]. With the development of 
 liposomes   in the 1960s, a new era was heralded in  nanoparticle   design in which 
controlled delivery of pharmaceutical compounds [ 10 ,  11 ] and the incorporation of 
imaging agents, such as  131 I-labeled albumin, became feasible [ 12 ]. 

 The 1970s saw a rapid expansion of the use of nanoparticles with their fi rst use 
for biomedical  imaging   of myocardial  perfusion      using  single-photon emission 
tomography (SPECT)   [ 13 ], as well as adaptation to other imaging modalities, such 
as near-infrared (NIR) optical imaging [ 14 ]. The rapid adaptation of computer 
tomography (CT) in hospitals and the requirement of contrast material, such as 
iodine [ 15 ], further stimulated nanoparticle research with evidence of their major 
impact in diagnostic radiology. The emergence of  positron emission tomography 
(PET)   was dependent on the generation of new radioligands that did not provide 
anatomical images per se, but were geared towards  molecular   targets [ 16 ]. One of 
the fi rst such developments visualized staphylococcal abscesses using  99 MTC- 
technetium liposomes [ 17 ]. In contrast to CT and  PET  , the emergence of magnetic 
resonance  imaging   (MRI)    was not dependent on contrast materials or tracer agents, 
as the magnetic relaxation properties of  1 H provided the signal for image construc-
tion. Nevertheless, in the late 1970s, it was discovered that small metallic  particles      
can infl uence this relaxation rate [ 18 ] and could be used to image the liver and 
spleen [ 19 ], as well as specifi c antigens [ 20 ]. In the mid-1990s, magnetic 
  nanoparticles   were approved by the FDA and have seen a plethora of uses in MRI 
[ 21 ], including clinical cell tracking [ 22 ].  

J.W.M. Bulte and M.M.J. Modo
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2     The Emergence of a Synergy Between  Therapeutics   
and  Imaging   

 These developments provided not only the foundation for the rapid development of 
nanoparticle-based clinical  imaging      during the 1990s, but also new tools for basic 
scientists. Indeed, it marked the emergence of an interdisciplinary fi eld, where 
physicists were driving the advances in image acquisition, biochemists were engi-
neering new imaging agents, and biologists/clinicians were exploiting new frontiers 
of what could be visualized in living subjects [ 23 ]. Easy access routes of administra-
tion through ingestion or intravenous delivery suffi ced for most imaging require-
ments, such as the gastrointestinal tract and the  RES  . However, this afforded a 
limited penetration into tissue (and cells), where many pathological targets are 
found, especially in the brain where we have the blood-brain barrier and access 
through other methods is very limited. The pharmaceutical sciences faced a similar 
issue in terms of delivery of drugs and hence novel means were sought that could 
cross the vascular wall and permeate into tissues [ 24 ], as well as approaches to 
block uptake by the RES in order to prolong nanoparticle blood half-life, which is 
necessary for specifi c antigen-based  targeting   applications. 

Originally, Paul Ehrlich conceived of this approach as a “ magic bullet”   that will 
only affect those cells that are targeted [ 25 ].  Liposomes   developed in the 1960s 
suited this  nanoscopic   vision, but apart of the development of polymeric  nanoparti-
cles   little progress was seen in the development of nanoparticles for drug delivery 
until the 1990s, when several developments overcame fundamental challenges [ 24 ]. 
Foremost of all, a signifi cant obstacle for targeting of nanocarriers (i.e., material car-
rying drug for delivery), such as nanoparticles, was escaping the rapid uptake through 
the  RES  . A size of <200 nm facilitated retention in the bloodstream, but was insuf-
fi cient to provide adequate circulating time for extravasation into target tissues. Non-
covalent attachment or amalgamation of polyethylene glycol (PEG), so-called 
 PEGylation   [ 26 ], and its widespread adaptation were the fi rst major advances in 
targeting by creating a “stealth” mode for molecules to evade the host’s immune 
system and afforded the prolonged circulation of  nanoparticles   [ 27 ]. Active (e.g., 
antibodies) and passive (e.g., enhanced permeability retention) targeting approaches 
provided the second component to ensure that nanoparticles accumulate in a desired 
location [ 28 ]. Nanoparticles provide key characteristics for drug delivery, notably 
improved bioavailability through aqueous solubility (i.e., forming a colloid), 
increased blood circulation time, and potential for tissue and cell targeting [ 29 ]. 

 These advances in delivering therapeutics using nanoparticles cumulated in the 
realization that engineered  nanocarriers   could carry not only therapeutic drugs, but 
also contrast agents that would afford a localization and potential monitoring of such 
delivery [ 30 ]. This conceptual advance of therapeutics and diagnosis led to the for-
mulation of the portmanteau word theranostic at the start of the new millennium [ 31 , 
 32 ]. As with most nanoparticle drug delivery and imaging systems,  macrophages   
constituted the fi rst easy target [ 33 ], due to their natural properties to rapidly phago-
cytose particulate material. Further synergies also became apparent in that certain 

Nanoparticles as a Technology Platform for Biomedical Imaging
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drugs could be tagged with a radioligand [ 34 ,  35 ] and nanoparticles based on 
 elements, such as gold [ 36 ,  37 ], could provide a core technology platform for creat-
ing multicomponent, multimodal, and multifunctional agents [ 38 ]. Increasingly 
complex possibilities are emerging with multiple  imaging   moieties, stealth and tar-
geting functionalities, as well as  multiple   timed release of therapeutic drugs [ 39 ,  40 ].  

3     An Outlook on Challenges and Future Opportunities 

 One of the most signifi cant advances has been the rapid development of optical and 
ultrasound  nanoparticles   [ 41 ]. Especially the introduction of quantum dots, as well 
as the use of near-infrared probes and highly sensitive detectors, have now enabled 
 imaging   of deeply seated tissue structures [ 42 ], allowing clinical optical imaging 
[ 43 ]. The availability of calcium-sensitive agents, for instance, allows an in vivo 
imaging approach that bridges the gap between conventional single-cell electro-
physiological recording and macroscopic activity recording, such as functional 
 MRI   [ 44 ]. Light-sensitive  theranostic nanoparticles      can also be used to monitor 
reaching a treatment site, with a specifi c light wavelength triggering the release of 
drug in just this area, hence providing a very targeted treatment [ 45 ]. These 
approaches further lend inspiration to the development of probes for other modali-
ties, such as MRI, that currently still dominate the clinical arena. However, optical 
imaging is currently seeing a more rapid development of nanoparticles than any 
other biomedical imaging modality. The shift beyond near infrared reduces tissue 
light scatter and greater organ coverage will eventually dominate  biomedical imag-
ing   in smaller species to drive a deeper understanding of biology. Still, it remains 
unclear if optical imaging can indeed deliver on whole-organ imaging in larger spe-
cies, such as primates and humans. Modalities, such as MRI and  SPECT  , might 
hence still remain the dominating nanoparticle-based clinical  imaging   techniques. 

 Further challenges to clinical applications are the growing considerations for 
toxic side effects of nanoparticles, the so-called nanotoxicity [ 46 ]. Many of the 
constituent parts of nanoparticles do not exhibit  toxicity   in their bulk form, but due 
to the emergent properties at the nanoscale (e.g., increased cell membrane perme-
ation), cytotoxic effects can become apparent [ 47 ]. However, there is also support to 
indicate that the nanosize by itself is insuffi cient to determine toxicity and that a 
more detailed general consideration of particle toxicity is needed [ 48 ,  49 ]. The com-
bination of  nanoparticles   with biologicals, such as stem cells, further raises con-
cerns as to their potential to induce unwanted side effects that might only become 
apparent over time [ 50 ,  51 ]. An unanswered question remains if materials should be 
biodegradable and cleared over time or if biological inertness is more desirable [ 52 ]. 
Indeed, these issues raise concern regarding a premature clinical translation and 
what framework of evidence is needed to ensure safety [ 53 ]. Beyond the regulatory 
framework, the potential for scale-up and cost-effi cient production at an industrial 
scale will also require further investment and might refi ne quality control proce-
dures, especially in relation to monitoring potential adverse effects [ 54 ]. 

J.W.M. Bulte and M.M.J. Modo
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 To conclude,  nanoparticles   are hence a powerful technology platform that affords 
the integration of  imaging   and drug delivery. Their increasing sophistication deliv-
ers exciting new opportunities to disentangle complex biological questions at the 
systems level [ 55 ], but also constitutes a major step forward to the concept of a 
“ magic bullet,”   where a drug can be delivered to a very focused area, and potentially 
even to specifi c single cells [ 56 ]. With the increasing number and versatility of 
probes for the various imaging modalities, the future for  biomedical imaging   prom-
ises to be exciting [ 57 ]. These multimodal and -functional nanoparticles are also 
likely to be the catalyst for an eventual unifi cation of diagnostic medicine and imag-
ing based on more specifi c and sensitive tissue- and fl uid-based biomarkers that 
improve early disease detection and classifi cation.     
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      Basic Principles of In Vivo Distribution, 
Toxicity, and Degradation of Prospective 
Inorganic Nanoparticles for Imaging                     

     Jelena     Kolosnjaj-Tabi    ,     Jeanne     Volatron    , and     Florence     Gazeau    

1           General Introduction 

 Inorganic  nanosized particles (NPs)   made of iron oxide ( iron oxide nanoparticles 
(IONPs)  ), heavy metals, and heavy metal-free nanoparticles, such as  quantum dots 
(QDots)  , silver, and gold NPs, have been the subject of intense preclinical  imaging   
research, substantially (but not exclusively) for the detection of different types of 
cancers or, ideally, precancerous lesions [ 1 – 4 ]. While conventional medical imag-
ing is currently relatively insensitive and/or unspecifi c for the detection of most 
types of early-stage cancers, research efforts have started developing novel imaging 
agents and modalities that might allow early diagnosis, classifi cation of specifi c 
tumors into different subtypes, and/or concomitant treatment of malignant growths 
[ 2 ]. Some  inorganic nanoparticles   are currently considered as prospective imaging 
agents [ 5 ], which are particularly attractive for spectral CT, magnetic resonance or 
magnetic particle imaging, as well as photonic, plasmonic, and fl uorescent imaging. 
On the one hand, they can improve the potential of conventional imaging modalities 
or offer novel imaging modalities for biomolecular and cellular imaging, and on the 
other hand allow bigger platforms that could combine imaging and therapeutic 
functions in a single medicinal device. In addition, on the basis of localized surface 
plasmon resonance, metallic nanoparticles have been recently proposed as contrast 
agents for photoacoustic  imaging   and lately also suggested for  in vivo    surface- 
enhanced Raman spectroscopy (SERS)   [ 6 ]. Although SERS spectroscopy is well 
known as an in vitro analytical tool, the feasibility of in vivo cancer imaging with 
SERS probes has been demonstrated. Major advantages of SERS  imaging   should 
yield higher sensitivity and higher signal specifi city than most current imaging 
modalities while also offering multiplexing capabilities. 
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1.1     Applying Inorganic Nanoparticles for  Imaging      

 Inorganic nanoparticles could be used in whole-body imaging [ 7 ], in cellular 
(molecular) imaging [ 8 ] and in quantitative cell analysis [ 9 ]. In biomedically func-
tional formulations for  in vivo   applications, the inorganic nanoparticles should be 
administered in stable, monodisperse colloidal suspensions, where particles, often 
stabilized with synthetic (organic) coatings, are dispersed in aqueous solvents, 
adjusted to physiological pH with appropriate osmolarity. The synthetic coatings 
generally have two main roles. The fi rst is to stabilize the particle (in suspension 
and/or to increase the circulation time in the blood), and the second one is to serve 
as linker for additional targeting or therapeutic molecules or complementary imag-
ing molecules that allow imaging with additional diagnostic modalities. Once the 
particles are applied, the chemical component of the nanoparticle’s core remains 
inconspicuous and the fate of the particle is governed by other features, which 
include, but are not limited to, particle’s size, shape/architecture, surface charge, 
hydrophobicity, functionalization/targeting ligands, aggregation state, or exposure 
protocol (e.g., repeated injections). These characteristics directly affect the nanopar-
ticle’s interaction with bodily biomolecules and their behavior in the organism [ 10 ].  

1.2      Nanoparticles’   Fate in a Nutshell 

 The term  pharmacokinetics   describes and studies the processes by which a  drug  is 
absorbed, distributed, metabolized, and eliminated by the body. As the mentioned 
 inorganic nanoparticles   for  imaging   (with the exception of some dextran- and silica- 
coated IONPs) have yet to become drugs, the term “ particokinetics”   has been cho-
sen here to refer to their  in vivo   fate [ 11 ]. 

  Particokinetics   is specifi c to the administration route (e.g., intravenous, oral, 
intraperitoneal, subcutaneous), particles’ intrinsic and biologically acquired physi-
cochemical characteristics, quantity and repeatability of the administration, and the 
species to which the particles are applied [ 12 ,  13 ]. Nevertheless, some general fea-
tures are generally applicable to inorganic nanoparticles. Soon after the administra-
tion to a living organism, the nanoparticles are “tagged” with the host’s biomolecules 
and led to the organs of the mononuclear phagocytic system (mainly the  macro-
phages   of the liver and spleen), which process the administered nanoparticles [ 14 ]. 
In addition, a fraction of  inorganic nanoparticles   might accumulate in the skin and/
or adipose tissue macrophages, or be blocked within thin vessels of the  lungs   and 
get captured by alveolar macrophages. Nevertheless, the liver remains the main 
organ of metabolism and detoxifi cation and its role in particle processing is essen-
tial [ 12 ,  13 ]. 

 Among the parameters determining the clearance of nanoparticles from the 
blood, the effect of the coating and the hydrodynamic size of circulating nanopar-
ticles seem to determine the particle’s biodistribution kinetics [ 13 ]. Generally, 
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 particles with a larger hydrodynamic diameter ( d  H ), approximately around 100 nm, 
will not only be cleared faster than the smaller ones, but if the  d  H  exceeds 200 nm 
will be taken up preferentially by the spleen. In contrast, very small nanoparticles 
( d  H  < 10 nm) [ 15 ] might avoid the phagocytic pathway and be directly eliminated by 
the kidney. Nevertheless, as small nanoparticles might also aggregate  in vivo  , they 
are not systematically eliminated via the kidney [ 13 ]. 

 Other factors that impact the  particokinetics   include particles’ curvature, rough-
ness, charge, hydrophilicity, and cross-linking of the coating molecules. Interestingly, 
while PEG might seem a perfect coating option, it has been suggested that second 
run injections of  PEGylated nanoparticles   do not have the same blood half-life, as 
anti-PEG antibodies might form after the fi rst injection and bind to subsequently 
injected nanoparticles, resulting in a faster uptake after recurrent injections [ 16 ,  17 ]. 
Particles’ circulation time might also increase due to an age-related decrease in 
phagocytic activity. Indeed specifi c coatings, injection of nanoparticle-labeled cells, 
or pretreatment of phagocytic cells with certain cytokines [ 18 ] might also affect the 
homing preferences of nanoparticles and thus be exploited in  imaging   of different 
diseases [ 19 ]. Nevertheless, longer circulation times might be important for the 
imaging of cancerous tissues or metastases or vascular angiography, while shorter 
blood half-life might be more appropriate for the imaging of various infl ammation- 
mediated diseases, where uptake by macrophages, other than Kupffer cells, is 
required. Nanoparticles eventually undergo  biotransformation   (that is, degradation 
and metabolization processes), which enables  nanoparticles   to gradually dissolve 
and eliminate their components via urine and bile, or recycle the material and reuse 
it, as it happens for iron. Since biotransformation pathways are element specifi c, they 
will be described in detail in Section 1.7.  Particokinetics   can be assessed by  imaging  , 
spectroscopic, or magnetometric techniques. While  radiolabeling      has also been pro-
posed for the follow-up of nanoparticles, the detachment of radiolabels might com-
promise qualitative and quantitative measures of particles’ biodistribution.  

1.3     The Nanoparticle-Protein  Associates   

 The biomolecules, which more or less tightly encompass the nanoparticle, form the 
“ protein corona”   [ 20 ]. The latter involves different smaller molecules and proteins, 
such as albumin, immunoglobulins, apolipoproteins, fi brinogen, transferrin, alpha- 
1- antitrypsin, to name a few but the most abundant. Protein binding to nanoparticles 
is governed by proteins’ stoichiometries and binding affi nities, and differs among 
nanoparticles, bodily fl uids, cellular compartments, and cell phenotypes [ 14 ]. The 
proteins’ binding and unbinding to nanoparticles determine the interaction of 
nanoparticle-protein complexes with cellular receptors, impact the opsonization pro-
cesses of the nanoparticles, determine their distribution, infl uence their enzymatic 
attack, and govern their biological effects. The protein shell can also disguise spe-
cifi c ligands (such as transferrin or folate), attached to particles’ surface, and thus 
compromise the  imaging   or targeting potential of nanoparticles [ 21 ]. Conversely, 
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the corona can also promote some specifi c interactions and help crossing biological 
barriers such as the blood-brain barrier [ 22 ]. 

 Nanoparticle-protein associates can be assessed in vitro by size-exclusion chro-
matography or dynamic light scattering method, which determines the hydrody-
namic volume of nanoparticle-protein associates. While these methods are 
nonspecifi c and can be applied to all  inorganic nanoparticles  , other methods can be 
applied to specifi c types of inorganic nanoparticles, and will be presented later on in 
this chapter.  

1.4     Nanoparticle  Coating  : The Essential But Transient 
Element in Particle Stabilization and Follow-Up 

 To characterize and follow the integrity of nanoparticle composites, made of the 
core, shell, and coating, it is necessary to distinguish each of its components from 
the endogenous compounds. Different strategies have been developed, such as the 
use of  xenobiotics   like gold, cadmium, or lanthanides, which are not naturally pres-
ent in the organism and can be quantifi ed by elemental analysis, or the labeling of 
the nanoparticle core/shell and/or of the coating with radioisotopes ( 59 Fe,  111 In,  14 C, 
 51 Cr,  65 Zn, etc.). 

  Radiolabeling   strategies are particularly attractive as they allow quantifi cation,  in 
vivo   or ex vivo, and have high  sensitivity   and high specifi city. Nevertheless, they do 
suffer, among other things, from the time limitation of the experiment duration, due 
to the fi nite lifetime of radiotracers. The diffi culty of these methods lies in the choice 
of appropriate label that would allow the follow-up of nanoparticle core, the coating, 
or both. The labeling of the iron oxide core with  59 Fe [ 23 ,  24 ] was historically used 
to study the biodistribution of MRI contrast agents. Post-synthetic techniques using 
neutron or proton activation were tested on gold or on iron oxide leading to a co-
labeled iron core. For monodisperse particles made by thermal decomposition meth-
ods, Freund et al. [ 25 ] proposed a post-synthetic technique to label oleic-acid-stabilized 
 IONPs   by simple incubation and exchange with a water- free tracer dose of  59 FeCl 3 , 
as hard γ-emitter. The labeling was stable in vitro and therefore could help tracking 
of the IONP core and iron by-products ex vivo. An exchange-labeling technique 
with heterologous isotopes has also been used to mark IONPs with  51 Cr and  QDots   
with  65 Zn [ 26 ]. IONPs could be successfully tagged with  51 Cr due to the similarity 
between the Fe(III) and Cr(III)-oxide chemistry. However, as soon as degradation of 
the IONPs occurred, the different transport paths for Fe 2+ /Fe 3+  and the tracer Cr 3+  
become a concern [ 26 ]. The intracellular processing of Cr 3+  is mostly unknown. 
Although a binding peptide, chromodulin has been identifi ed and could induce renal 
excretion of Cr 3+ . Interestingly, the excretion and metabolism of  51 Cr from IONPs 
were very different from those of  51 CrCl 3 . The excretion via the kidney and gastro-
intestinal tract was very slow for  51 Cr coming from  IONPs   in comparison to  51 CrCl 3 , 
and the  51 Cr coming from IONPs was eliminated mainly in feces and less so in urine. 
After 4 weeks, a small part of  51 Cr originating from IONPs was transferred from the 
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liver to the spleen, gastrointestinal tract, and carcass of treated animals. When 
compared to the massive degradation and elimination of  59 Fe from liver, it has been 
suggested that  51 Cr may be trapped in the liver to a greater extent, due to the lack of 
a specifi c Cr 3+  exporter [ 26 ]. The differences between the metabolism of iron and 
chromium can be used to study the absorption of intact nanoparticles from the gas-
trointestinal tract. Comparing  59 Fe-labeled and  51 Cr-labeled  IONPs   given by gavage 
to mice, Bargheer et al. showed 5 % absorption of  59 Fe in the intestines and undetect-
able activity of  51 Cr. This excludes that intact particles absorb in the intestine, but 
rather suggests that iron from IONPs is partially digested in the stomach [ 26 ]. 

 With similar methodology, CdSe/CdS/ZnS QDots labeled with  65 Zn were com-
pared to  65 ZnCl 2  injected intravenously at a trace dose. Zn has a fast turnover being 
eliminated from all organs with fast exchange kinetics within 4 weeks. In contrast, 
 65 Zn signal persisted in liver and spleen 4 weeks after injection of  QDots     , confi rm-
ing that the particles were not fully degraded in these organs. Otherwise Zn released 
from QDots was distributed in a similar manner to the control compound, the 
 65 ZnCl 2  [ 26 ]. 

  Radioactive labeling   offers unique opportunities to track the fate of the particle 
coating with respect to the nanoparticle cores. Moreover, it is also mandatory to 
verify that all the tracers or targeting agents that are assembled on the same nano-
platform for multimodal imaging actually reach the same targets  in vivo  . 
Radiolabeled  IONPs   as PET/MRI or SPECT/MRI  imaging   agents are common 
[ 27 ], but only recent studies evaluated the degree to which the association between 
the radioactive label and the metallic core remained intact in vivo. 

 To evaluate respective distributions of nanoparticles’ core and shell, Wang et al. 
investigated  59 Fe-labeled IONPs coated with  14 C-labeled oleic acid and  111 In-labeled 
phospholipids (DMPE/DTPA- 111 In) (Fig.  1 ) [ 28 ]. Using a related strategy, Kreyling 
et al. looked at  198 Au NPs with their amphiphilic polymer shell labeled with  111 In 
(Au-DTPA- 111 In) [ 29 ].

   The biodistribution of  59 Fe and  111 In was broadly similar, with highest uptake in 
liver and spleen, especially at 24 h post-injection (Fig.  1 ). The greatest discrepancy 
was found in the kidneys, with an eightfold higher concentration of  111 In compared 
to  59 Fe.  111 In was recovered at each time point in the urine suggesting the loss of 
 111 In 3+  ions or other  111 In species. The  14 C exhibited much lower concentration in 
liver and spleen, confi rming a previous study by Freund et al. showing that oleic 
acid could detach from the iron oxide core in vivo in the bloodstream [ 25 ]. Three 
control experiments were necessary to assess the distribution of the different com-
ponents of the shell: injection of the labeled phospholipid (DMPE-DTPA- 111 In), of 
the citrated label ( 111 In-citrate), and of the labeled ligand (DTPA- 111 In). The phos-
pholipid DMPE-DTPA- 111 In had a similar biodistribution as the  111 In-labeled IONPs, 
but exhibited a lower accumulation in liver, spleen, and bone and a higher accumu-
lation in the blood,  heart  , and lungs. In contrast,  111 In citrate was found in the kidney 
and DTPA- 111 In in the urine. These results suggest that  111 In is not released from 
 NPs   in  111 In-citrate or DTPA- 111 In forms but rather as DMPE-DTPA- 111 In, which 
forms micelles with the same biodistribution as the  nanoparticles  . In agreement 
with this hypothesis, the  59 Fe/ 111 In ratio decreases from 2:1 at 10 min to 1.25 at 24 h 
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  Fig. 1    Radioactive follow-up of nanoparticle core and shell  in vivo  . ( a ) The nanoparticles consist 
of  59 Fe-labeled  IONPs   stabilized with  14 C-labeled oleic acid and modifi ed with DSPE-mPEG 2000  
and  111 In-DMPE-DTPA phospholipid. ( b ) Comparison of the  59 Fe,  111 In, and  14 C tissue concentra-
tions (expressed as percentage of the injected radioactivity per gram) at different time points after 
intravenous injection of labeled IONPs. Adapted from Wang et al. [ 28 ] with permission       
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in liver, confi rming an incomplete and early dissociation of phospholipids from 
nanoparticles. In the work by Kreyling et al. the  198 Au: 111 In ratio was also analyzed 
and revealed differences in biodistribution between the two isotopes, suggesting a 
partial dissociation of the coating from the nanoparticles [ 29 ]. The control 
 111 In-DTPA was rapidly excreted in urine, while the ionic form of  111 In accumulated 
in the liver. Most of the  111 In and  198 Au administered in particulate form are accumu-
lated in the liver. However, the results could not indicate if the  111 In detached from 
Au NPs was in the ionic form or still attached to the polymer [ 29 ]. A minor dissocia-
tion of the coating occurred in the bloodstream, but the liver could accumulate both 
intact  NPs   and separated components [ 29 ]. 

 To go further in the analysis, in  vitro   tests have been performed to mimic the 
behavior of the NPs and their coating in the liver [ 29 ]. Polymer-coated Au NPs and 
CdSe QDots were accumulated in the lysosomes of Kupffer cells and endothelial 
cells. The co-localization of  QDots   and of the polymer shell labeled with DY495 
was investigated by fl uorescence, showing that the DY495 has been partly displaced 
from  QDots   and subsequently exocytosed after several hours [ 29 ]. This result sug-
gested an intracellular enzymatic degradation of the polymer shell [ 30 ], but could 
not conclude whether there is a dissociation of the polymer from the nanoparticles 
or of the DY495 from the  polymer   or both. 

 Another relevant parameter to study the fate of the complex formed by nanopar-
ticles and their coating is the presence of the  protein corona  , which evolves dynami-
cally throughout the journey of the nanoparticle within the body. To understand the 
infl uence and the fate of the protein corona  in vivo  , Bargheer et al. used  59 Fe-labeled 
PEGylated  IONPs   and  125 I-labeled model proteins such as transferrin, covalently 
bound or adsorbed to the surface of the nanoparticles (Fig.  2 ) [ 26 ]. Importantly, both 
 125 I and  59 Fe labels were cleared synchronously from the blood and the biodistribution 
of  125 I transferrin that was bound or adsorbed to IONPs was clearly different from the 
biodistribution of free  125 I transferrin. This result suggests that the protein corona 
around the  nanoparticles   was not lost in the bloodstream in the fi rst hour post-admin-
istration [ 26 ]. However, the ratio  125 I/ 59 Fe decreased in all organs after 2 h except in 
stomach and blood, suggesting a substantial recycling and transfer of the transferrin 
from the liver to the blood and other tissues. Interestingly, there was no signifi cant 
difference between covalently bound and adsorbed  transferrin   in this experiment 
[ 26 ]. It must be noted that transferrin was among the adsorbed proteins, which show 
the highest abundance (>10 %) in coronae of many nanoparticle types [ 31 ].

1.5        Cellular “Conditioning” of Administered Nanoparticles 
and Its Impact on  Imaging      Outcomes 

 By analogy with the extracellular environment (as for example the circulating blood 
plasma), which constantly supplies and exchanges proteins surrounding the nanopar-
ticles, the cells continuously modify the conditions of their microenvironments and 
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thus continuously reshape the  protein corona   of cell- internalized nanoparticles. 
Wang et al. studied the intracellular processing of fl uorescently labeled protein 
corona at the cellular scale [ 32 ]. The adsorbed layer of proteins, resulting from incu-
bation of positively charged polystyrene nanoparticles with full fl uorescent serum, 
was strong enough to be retained on the nanoparticles as it entered the cells and was 
traffi cked into the lysosomes together with nanoparticles (Fig.  3 ). Within the  lyso-
somes  , a progressive decrease of the protein corona fl uorescence was observed, 

  Fig. 2    Radioactive follow-up of  nanoparticle   core and  protein corona    in vivo  .  59 Fe-labeled IONPs 
with a preformed corona of adsorbed ( a ,  b , right side) or covalently bound ( a ,  b , left side) 
 125 I-mouse transferrin, i.v. injected to mice in comparison to free  125 I-mouse transferrin. ( a ) Activity 
of  59 Fe and  125 I (1–120 min) in blood. ( b ,  c ) Activity of  59 Fe and  125 I in organs 120 min after injec-
tion of  IONPs   or free transferrin. Adapted from Bargheer et al. (open access) [ 26 ]       
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indicating the degradation of the protein corona in the lysosomes over 6–8 h after 
exposure. Interestingly, the nanoparticles were able to convey a much higher amount 
of proteins than a simple incubation of cells with proteins would provide [ 32 ]. This 
suggests that enzymatic digestion by proteases at the lysosomal level could be acti-
vated by nanoparticle uptake. Importantly, the clearance of protein fl uorescence was 
accompanied by a lysosomal swelling and increased lysosomal permeability, with 
subsequent damages on cell organelles and initiation of apoptotic signaling pathways 
(Fig.  3 ) [ 32 ]. Thus the protein corona masks for a while and delays the deleterious 

  Fig. 3    Intracellular fate of the  protein corona  . ( a ) Green fl uorescent protein corona formed on the 
blue positively charged amino-modifi ed polystyrene nanoparticles (PS-NH 2  NPs, 50 nm) is 
retained after cellular uptake. ( b ) Time-resolved localization of PS-NH 2  NPs and their impact on 
lysosomes in 1321N1 cells, showing increasing accumulation in the  lysosomes   and subsequent 
progressive swelling of lysosomes. ( a  PS-NH 2  NPs ( green ), lysosomes ( red : LAMP-1 antibody), 
nuclei ( blue , DAPI staining); ( b ) PS-NH 2  NPs ( blue ), lysosomes ( green : LAMP-1 antibody), 
nuclei ( red : Draq 5 staining)). ( c ) Kinetics of the degradation of the fl uorescent-labeled protein 
corona of PS-NH 2  NPs. ( d ) Flow cytometry distribution of LysoTracker Red staining after expo-
sure to PS-NH 2  NPs, indicating increasing volume of lysosomal volume and gradual formation of 
a second population with loss of lysosomal integrity. ( e ) Western blot of different cathepsins in 
cytosolic fraction of treated cells, demonstrating progressive release of cathepsin in the cytosol. ( f ) 
The green fl uorescent protein corona of PS-NH 2  NPs is traffi cked to the  lysosomes   and is degraded, 
while the lysosomes are swelling and become permeable, allowing cytosolic release of cathepsins. 
Adapted from Wang et al. [ 32 ] with permission       
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effect of positively charged polystyrene nanoparticles until being degraded in the 
 lysosomes   by enzymes, such as the cathepsin L [ 29 ,  30 ].

   The different concentrations of intracellular proteins, nutrients, and ions also 
destabilize nanoparticles and set on their aggregation [ 14 ]. The aggregation might 
also be triggered after cellular enzymes have stripped away the protein corona and 
the particles’ organic coating [ 33 ]. The aggregation phenomenon is the principal 
cause that might affect the physical  properties     , implicated in  imaging   protocols 
[ 34 ]. Conversely, nanoparticles’ interactions with different cellular components 
might also result in a rearrangement—sorting and individualizing the nanoparticles 
in the periphery of endo-lysosomic compartments, in order to set on or accelerate 
particle  degradation   [ 35 ]. 

 Finally, the cells are not only able to internalize the particles, but can also, under 
specifi c conditions, release the particles to adjacent or distal cells of the same or 
different types [ 36 ]. Particles’ expulsion via cell microvesicles should be taken into 
account in protocols involving highly sensitive modalities, such as high-fi eld MR 
scanners or scanners provided with cryogenically cooled MRI probes, which are 
currently used mainly in preclinical cellular MRI [ 37 ].  

1.6     Different Aspects of Biotransformation: Therapeutic 
Properties, Loss of Functionality, and Potential  Toxicity         

 Bio-interactions and bioprocessing of the particle are the  sine qua non  of a particle’s 
life cycle within the organism. Particles’ surface (enriched with synthetic or biologi-
cally acquired components, such as the  protein corona  ) governs particles’ early bio-
distribution in the short run [ 35 ]. Nevertheless, once the biomolecules and parts of 
the synthetic coating are stripped off, the remnants of the synthetic coatings, parti-
cles’ rearrangement within cellular compartments, and the nature of the core start 
governing the long-term persistence within the organism, and the degradation and 
the elimination processes [ 29 ,  35 ,  38 ]. The biotransformations of nanoparticles, as 
well as their potential toxicity, tightly depend on the particles’ physical and chemi-
cal properties. Yet, some common features characterize the fate of  inorganic 
nanoparticles   regardless of their composition, structure, and size. Engineered 
nanoparticles are mainly captured by  macrophages   of the liver and spleen and thus 
tightly packed in their endo-lysosomes, which induce adsorption of biomolecules, 
particles’ aggregation, and gradual erosion of the coating and inorganic core, affect-
ing in turn the physical and chemical properties that are required for  imaging   or 
therapeutic protocols [ 34 ,  39 ]. In addition, the degradation and processing might 
alter the toxicological profi le of the administered material [ 40 ], and what used to be 
a small benign object now starts releasing its chemical (molecular), mainly metallic, 
components (ions), which are more or less rare in the organism and might  trigger         a 
cascade of adverse reactions, as the ones induced by the generation of  reactive oxy-
gen species (ROS)   [ 41 ,  42 ]. These molecules might, under certain conditions, alter 
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the physiological processes of the cell by inducing the lipid peroxidation of the cell 
membrane, set on mitochondrial and lysosomal damage, or damage the endoplas-
mic reticulum, which may result in programmed cell death. Nevertheless, antioxi-
dant enzymes (such as superoxide dismutase, glutathione peroxidase, catalases), 
vitamins (such as α-tocopherol), or hormones (such as melatonin) are some of the 
antioxidant molecules present in biological systems that are capable of scavenging 
the ROS [ 43 ]. Be that as it may, “ sola dosis facit venenum ” (i.e., the dose makes the 
poison) [ 44 ] and the cooperation between the gradual occurrences of chemical fac-
tors (e.g., gradual dissolution of inorganic nanoparticles and progressive reduction 
of  ROS   by local antioxidants) and physical (e.g., aggregation and thus delayed deg-
radation by hindering the access of biomolecules to particle surface) and biological 
phenomena (e.g., up-regulation of genes coding for specifi c proteins) [ 45 ] accom-
panying particles’ degradation over time might counterbalance or moderate the 
impact of the foreign materials’ burden to cells/organisms. Thus, in order to assess 
the factual  toxicity   of nanoparticles, their  biotransformations   have to be monitored 
under dynamical conditions over relevant periods of time. In addition, the condi-
tions under which some  inorganic nanoparticles   might have an increased  toxicity         
due to accelerated dissolution, such as UV illumination of QDs [ 40 ], should be 
considered and, if appropriate, avoided.  

1.7     Material-Specifi c Degradation Patterns of Inorganic 
Nanoparticles  In Vivo            and Over Time 

 The specifi c chemical composition of the nanoparticle’s core unconditionally deter-
mines nanoparticle’s degradation pathways. Organisms possess a large variety of 
proteins, including enzymes, which are involved in the  biotransformation   of  xeno-
biotics  . As biotransformation allows the elimination or recycling of nanoparticle 
components, the progressive processing of a crystal to ions might alter the toxico-
logical profi le of the administered material. 

 While different degradation patterns are certainly intuitive, empirical evidence, 
obtained from gold/iron oxide heterodimers [ 38 ] or silver/gold nanohybrids [ 46 ], is 
particularly conclusive. The follow-up of the fate of gold/iron  oxide            heterodimers 
[ 38 ] evidenced the evolution of the ratio of magnetic iron over gold content and 
highlighted the distinct distribution and fate of gold and iron oxide within the 
organs. Over time the ratio was diminishing in the liver, while it remained almost 
constant in spleen, refl ecting the prominent degradation of iron oxide in the liver. 
Spleen preferentially accumulates gold and is less effi cient to degrade both materi-
als. A fraction of heterodimers was able to fragment to individual gold or iron oxide 
subunits at early time points and the separated subunits had distinct distribution 
paths. Interestingly, such element-specifi c biodistribution has also been observed 
for NIR-absorbing hollow Ag-Au nanoshells, used for photothermal therapy in 
tumor-bearing mice [ 46 ]. The Ag/Au ratio varied considerably between organs, 

Basic Principles of In Vivo Distribution, Toxicity, and Degradation



20

suggesting a size-dependent fragmentation of the heteroparticles at some time point 
post-injection. Gold was more present in liver and spleen, whereas Ag predomi-
nated in tumors for the smallest particles of 43 nm. The thinner shell allowed the 
43 nm particles to fragment quicker and release Ag from the core-shell particles. 
This study again illustrated the different fate of materials and the importance of 
architecture on the life cycle of particles. Another important aspect is that the fate 
of  NPs   used for diagnostic or  therapy            should be investigated also after stimulation 
(i.e., laser exposition for photothermal ablation), as the external stimuli may also 
induce structural transformations of the particles.   

2     Iron Oxide  Nanoparticles      

  IONPs   are mostly made of magnetite (Fe 3 O 4 ) and/or maghemite (γ-Fe 2 O 3 ) nano-
crystals, which may exhibit different shapes (spheres, cubes, rods, rings, fl owers, 
pyramids, octapods, nanoworms, etc.). These IONPs have superparamagnetic prop-
erties, and thus might be used in magnetic resonance  imaging   (MRI)    or  magnetic 
particle imaging (MPI)  . The IONPs might be applied either systemically by direct 
application (e.g., intravenous injection) of the suspension of nanoparticles or by the 
administration of heterologous or homologous cells, which were previously labeled 
 in vitro   with IONPs [ 47 ]. In addition to the  imaging   functionality, these  nanoparti-
cles      could potentially be used for cancer treatment, either for magnetic targeting 
[ 48 ] or magnetic hyperthermia [ 49 ], or as magnetothermal effectors for deep brain 
stimulation [ 50 ]. 

2.1     Role, Effect, and Fate of IONP Synthetic (Polymer) 
and Biological (Corona) Coating 

  IONPs   are commonly coated with organic polymers, such as polyethylene glycol 
(PEG), oleic acid, dextran, chitosan, phospholipids, and other amphiphilic poly-
mers. The latter increase the stability of IONP suspensions and increase the circula-
tion time in blood after intravenous administration. Administered nanoparticles’ 
surfaces become covered by proteins [ 10 ], which are either bound to the synthetic 
coating or, if the polymer is stripped off, adhere directly to the particles’ core. 

 Magnetic  IONPs   and protein associates can be specifi cally probed with a method, 
which relies on the particles’ potential of orienting in the direction of the magnetic 
fi eld [ 51 ]. When the magnetic fi eld is switched off, the particles disorient and their 
Brownian relaxation time is proportional to their hydrodynamic volume. This relax-
ation time can be determined by the measurements of the magnetically induced opti-
cal birefringence signal. Combined to magnetic sorting and protein electrophoresis, 
the measurements of the magnetically induced optical birefringence signal [ 51 ] 
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c onfi rmed that protein adsorption strongly depends on surface coating and that the 
composition of the corona differs when IONPs are incubated in a medium supple-
mented with 10 % of plasma (generally used for cell culture) or when particles are 
suspended in pure plasma, which resembles  in vivo   conditions (Fig.  4 ). Moreover, 
some proteins, namely albumin and apolipoprotein, have a stabilizing (“individual-
izing”) effect on the nanoparticles, while other proteins, such as fi brinogen, trigger 
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  Fig. 4     Nanoparticles’   interactions with blood proteins  in vivo   and in vitro. The adsorption of 
proteins on  magnetic nanoparticles   can be determined specifi cally by measurements of the relax-
ation of the magnetically induced optical birefringence of  magnetic nanoparticles’   suspensions 
[ 51 ], which reveals different populations of particles with distinct biological (nature of protein 
corona) and physical states (aggregation) that interact differently with macrophages       
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particles’ aggregation [ 51 ]. Remarkably, the particles with different  protein corona   
not only exhibit different physical states (single particles or aggregates), but can also 
coexist in plasma and are differently processed by immune cells.  Macrophages   will 
neither react nor capture these populations in the same manner or time course. This 
experiment clearly exemplifi es how interactions between biomolecules and nanopar-
ticles can drastically infl uence the aggregation pattern, distribution, and fate of intra-
venously injected IONPs [ 51 ].

   While polymer coatings increase the stability of nanoparticles, it has also been 
shown that they impact the long-term  degradation   of  IONPs  , as PEG-coated IONPs 
degraded more rapidly in comparison to amphiphilic polymer-coated IONPs, moni-
tored over 1 year [ 38 ]. Nevertheless, as we emphasized earlier in this chapter, stud-
ies also show that once applied, the nanoparticle core and the polymeric shell 
dissociate [ 25 ,  28 ]. While the particles remain in the liver and spleen, some compo-
nents of the coating can be eliminated in urine [ 28 ].  

2.2      Cell Internalization   of  IONPs   and Its Effects 
on Nanoparticles’ Magnetic Properties 

 Particle destabilization can be due to the loss of the synthetic coating, the adsorption 
of the host’s biomolecules, or arising from active biological processes, such as cel-
lular internalization. Intracellular traffi c together with the fusion and fi ssion of 
endocytic compartments leads nanoparticles to  lysosomes  , where degradation 
occurs. As most nanoparticles,  IONPs   eventually reach the lysosomes of hepatic or 
splenic macrophages. 

 The subcellular confi nement affects the physical properties of magnetic IONPs. 
At short distance between each other, IONPs experience dipole-dipole magnetic 
interactions and have less freedom to rotate and translate. This directly impacts the 
dynamical superparamagnetic behavior of IONPs: the magnetic susceptibility starts 
to decrease while the magnetic hysteresis (remnant magnetization) and blocking 
temperature (transition between superparamagnetic and ferromagnetic behavior) 
increase [ 52 ]. Intracellular confi nement nevertheless has its advantage for  cell   
detection by MRI [ 34 ], as the cell that confi nes a large amount of magnetic sources 
in a limited volume highly affects the homogeneity of the magnetic fi eld. The local 
inhomogeneity thus results in MR  signal   loss that co-localizes with magnetically 
labeled cell. Once a cell population was magnetically labeled, the cells’ migration 
can be noninvasively monitored over time, particularly for the evaluation of the 
effi ciency of cell therapy [ 53 ,  54 ]. 

 Magnetic characterization of biological tissues allows obtaining the information 
on local confi nement of  magnetic nanoparticles   within different organs [ 55 ]. 
Furthermore, magnetic measurements are consistent with morphological fi ndings 
observed by TEM, which show that  lysosomes   of hepatic/splenic macrophages 
 concentrate a higher number of nanoparticles than the lysosomes of circulating 
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monocytes/macrophages that can be recruited to sites of infl ammation [ 52 ]. The 
follow-up of nanoparticles’ magnetic properties also provides important information 
on nanoparticles’  biotransformation   within organs, which directly impact those 
nanoparticles’ properties that are necessary for therapeutic and diagnostic 
applications.  

2.3     Degradation and Recycling of  IONPs      

 In order to characterize the degradation of administered  nanoparticles   over time in 
the body, we require specifi c methods of quantifi cation, which allow detecting an 
infi nitesimal fraction (ppm or ppb) of material per kg of total body weight (bw). 
Ideally, the method of quantifi cation should permit to distinguish between nanopar-
ticles and their degradation products. 

 The quantifi cation or the evaluation of the distribution of IONPs and their degra-
dation products  in vivo   is complicated by the quantity of endogenous iron (about 
50 mg/kg b.w.), which is greater than the amount of iron that is administered for 
MRI (typically 2.5 mg/kg). Consequently, elemental analysis is inappropriate for 
IONP quantifi cation. On the other hand, methods based on nanomagnetism such as 
 electron paramagnetic resonance (EPR)   allow us to specifi cally and sensitively 
quantify  IONPs   [ 45 ]. Measurements of magnetization as function of strength of 
magnetic fi eld or temperature may supplement the data obtained by  EPR  , as they 
provide information about particles’ size and aggregation state. Besides,  MRI      pro-
vides a mean for monitoring IONPs’ distribution over time in the same animal, 
although quantifi cation remains challenging, since the effect of IONPs on MR 
relaxivity depends on the local environment and physical state of particles. 
Multiscale and pluri-method scanning should therefore be used in order to track the 
distribution and transformation of IONPs. 

 Different methods have been proposed to monitor the degradation of IONPs with 
different shape, organization, and surface coatings. Some of them included 7–8 nm 
spherical IONPs with a hydrophilic glucose-derivative coating; 20 nm IO nanocu-
bes, coated with  polyethylene glycol (PEG)   (Fig.  5 ); and 20 nm hetero-structures 
(dimers) made of gold/iron oxide, coated with an amphiphilic polymer or 
PEG. Following intravenous administration (2.5 mg/kg b.w.), IONPs mainly reach 
the liver and, to a lesser extent, the spleen. As expected, the nature of IONP coating 
determined the initial uptake in the reticuloendothelial organs [ 45 ,  49 ]. The quantity 
of superparamagnetic iron diminished with time, more rapidly in the liver than in 
the spleen, as evidenced by MRI and EPR analysis. A potential translocation/elimi-
nation of intact particles out of the organs, together with  nanoparticle degradation   
within the organs, account for the superparamagnetic property loss, which results in 
a decrease of magnetic iron [ 45 ].

   In complement to macroscopic fi ndings,  transmission      electron microscopy 
(TEM), electron diffraction, and associated spectroscopy provide information 
about the evolution of the subcellular distribution and morphology of  IONPs   over 

Basic Principles of In Vivo Distribution, Toxicity, and Degradation



24

  Fig. 5    Intracellular degradation of PEG-coated  IONPs   in murine liver and spleen after intrave-
nous application, evidencing the transfer of iron into  ferritin   proteins. The intravesicular distribu-
tion of nanoparticles evolves over time: early after injection (day 1), dense assemblies of nanocubes 
avoid the cell from particle degradation and release of cytotoxic free iron ions. At longer times 
(days 7 and 14), the nanoparticles are transferred into protein-rich lysosomes in which they are 
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time after intravenous injection. Interestingly, while  nanoparticles   are mainly found 
as clusters within lysosomes of splenic and hepatic macrophages 1 day post-
injection, particle sorting was observed in the periphery of lysosomes or in elec-
tron-dense areas of the lysosomes at later time points (Fig.  5 ) [ 35 ]. Nanoscale 
observations also showed that  IONPs   become increasingly surrounded by mono-
disperse electron- dense nano-sized (6 nm) objects, which are rich in iron, but 
poorly crystalline (Fig.  5 ) [ 35 ,  45 ]. These nanostructures, also known as  ferritin  , an 
endogenous iron- storing protein or apoferritin, when not combined with iron, con-
sist of 24 protein subunits that form a hollow shell, where a maximum of 4500 iron 
atoms can be stored in mineral crystallites of iron oxyhydroxide (mainly ferrihy-
drite) and other forms of iron oxide.  Ferritin   binds iron ions and regulates the 
occurrence of Fenton’s reactions, in which ferrous ions react with hydrogen perox-
ide and form reactive oxygen  species   that would damage the cells. Iron homeosta-
sis is a fi nely regulated process where sets of proteins detect, transport, regulate, 
and store the metal, in order to provide it to the body at its demand (i.e., for hemo-
globin synthesis) [ 56 ]. The coexistence of ferritins situated proximally to  IONPs   
suggests a  mechanism      of local iron transfer from degraded IONPs to endogenous 
iron-storing proteins (Fig.  5 ). Although the morphological degradation of polydis-
perse 7-8 nm spheres is diffi cult to ascertain  in vivo  , nanocubes and gold/iron oxide 
heterostructures show evident features of erosion in liver and spleen 7 days after 
administration. 

 While the magnetic iron decreases, the nonmagnetic iron (total iron measured by 
elemental analysis subtracted by superparamagnetic iron measured by  EPR  ) 
increases, confi rming the local transformation of superparamagnetic particles into 
nonmagnetic iron species. In addition, as the magnetic signature of  IONPs   fades 
away due to degradation, the low-temperature magnetic signature for ferrihydrite 
appears [ 45 ]. The local  degradation   of IONPs and iron transfer in ferritins occurs 
within the lysosomes on nanoparticles’ aggregate margins, where the iron remains 
bound in crystals until the proteins are synthesized and recruited in the vicinity of 
nanoparticles. Studies performed more than two decades ago have evidenced that 
IONP degradation is followed by the recycling of IONP compounds [ 23 ,  24 ]. The 
labeling of IONP core with  59 Fe showed that the iron from  NPs   incorporated within 
the hemoglobin of red blood cells in rats [ 23 ] and mice [ 24 ].  

Fig. 5 (continued) more dispersed and susceptible to degradation.  Red arrows  show the coex-
istence of monodisperse iron-rich ferritin protein of 5.3± 0.8 nm diameter with some degraded 
or resilient nanocubes, suggesting a protein-triggered degradation and local iron transfer ( a ). 
High-resolution imaging performed 14 days after injection shows that degraded and resilient 
nanocubes maintain their initial crystalline structure (the spinel inverse and the vacancy-ordered 
γ-Fe 2 O 3  structures along the [103] and [116] zone axes on the images ( b ,  d ), respectively). 
The  blue arrows  highlight the rough surfaces of the degraded nanostructures. The Fourier transform 
of the atomic structure of the ferritin core in image ( b ) (spleen day 14 post-injection,  red squares ) 
shows unambiguously a hematite structure oriented along the [481] zone axis. Adapted with 
permission from Lartigue et al. [ 35 ]       

Basic Principles of In Vivo Distribution, Toxicity, and Degradation



26

2.4      In Vivo Toxicity of IONPs         

 IONPs are generally considered as biocompatible, safe, and nontoxic. The median 
 lethal dose (LD 50 )   of intravenously applied citrate-coated ultrasmall (8.6 nm) IONPs 
in mice was reported to be greater than 949 mg (17 mmol) Fe/kg body weight (b.w.) 
[ 57 ], which is almost 400 times more than what is required for MRI  imaging  . For 
comparative purposes note that the  LD 50    of cisplatin, a commonly used anticancer 
therapeutic agent, is 11 mg/kg b.w. after i.v. injection in mice [ 58 ]. Indeed the LD 50  
values of IONPs vary in other species, when other coating agents are used or when 
IONP cores and/or hydrodynamic sizes differ. As an example, the LD 50  of (8 ± 3 nm) 
IONPs after i.v. administration to rats was 36.42 mg/kg b.w. [ 59 ]. 

 As the liver (either due to the  phagocytic         activity of its  macrophages  , the Kupffer 
cells, or due to specifi c ligands that target hepatocytes) remains the main accumula-
tion organ after administration of most types of  IONPs  , the administration of such 
nanoparticles, which may induce oxidative stress, might result in an increased level 
of liver enzymes. Several studies published thus far reported on low or minor tran-
sient changes in liver enzyme levels after dextran- and pluronic-coated  IONPs   (dose 
10 mg iron/kg b.w.) [ 60 ]. The administration of dextran-coated IONPs to humans 
did not induce any clinically signifi cant adverse reactions.   

3     Quantum  Dots   

 QDots are semiconductor nano-crystallites typically made of lead sulfi de, lead sel-
enide, cadmium selenide, cadmium telluride, cadmium sulfi de, indium arsenide, or 
indium phosphide that are emerging as potential fl uorescent probes for biomolecu-
lar and cellular imaging. Due to their outstanding brightness, high photostability, 
and broad absorption spectrum coupled with size-dependent narrow emission 
bands, QDots have been particularly attractive as effi cient multiplexing probes for 
cell labeling and tracking. Their potential biomedical applications mainly concern 
 in vivo   imaging for early cancer detection. Unlike conventionally used organic dyes 
and fl uorescent proteins, QDots have very large molar extinction coeffi cients, on the 
order of 0.5–5 × 10 6 /M/cm which is 10–50 times greater than those of organic dyes 
[ 2 ], and could thus allow sensitive detection of analytes at a lower concentration, 
which is especially important for detection of cancerous lesions at their early stage. 
In order to effi ciently fl uoresce, QDot cores should be protected with a shell. The 
latter can be made of ZnS, silica, or different polymers. 

3.1     Cellular Processing and Fate of  QDots      

 The optical properties of QDots are affected by  cell internalization  : agglomeration 
into endosomes and  lysosomes  , as well as intralysosomal acidic pH. These changes 
in overall fl uorescence of the QDots complicate the quantifi cation of intracellular 
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 QDots  . For example drastic reductions in QDot photoluminescence quantum yield 
may result from oxidation or surface defects upon exposure of QDots to low 
pH. Oxidative dissolution of the QDots and rapid reduction in fl uorescence emis-
sion have been observed despite the presence of organic shells on the surface of the 
QDots [ 40 ]. 

 From the biological point of view, persistent localization of CdTe-based QDots 
in lysosomes might result in an enlargement of the lysosomal compartment as an 
adaptive response to the presence of QDots, and an enhancement of the antioxidant 
response mediated by intracellular glutathione. Activation of the transcription factor 
TFEB, a key regulator of lysosome  biogenesis     , shows that cells are able to sense the 
overload of lysosomes with  nanoparticles   and adapt their response to diminish oxi-
dative stress [ 61 ]. 

 Pioneering studies [ 62 ,  63 ] used either the fl uorescence emission of QDots or the 
elemental quantifi cation of cadmium to track QDots ex vivo and report on their 
 particokinetics   and biodistribution. Long-term experiments demonstrated that the 
QDots remained fl uorescent after at least 4 months  in vivo   suggesting that they keep 
their integrity [ 63 ]. Fischer et al. observed the sequestration of lysine-coated and 
BSA-coated CdSe/ZnS in RES cells, but no short-term excretion in urine and feces, 
nor degradation of the inorganic part of QDots [ 62 ]. To assess degradation, they 
used ultracentrifugation on the digested organs to separate the intact  QDots   in tissue 
from isolated ions. Fitzpatrick et al. investigated the 2-year fate CdSe/ZnS Qdots 
coated with PEG 5000 intravenously injected in mice [ 64 ]. The fl uorescence emis-
sion of QDots was observed in the blood immediately after injection and later in the 
liver, spleen, lymph, and bone marrow. However, the emission in liver faded after 5 
days. Signal fade-out was slower in the bone marrow (3–6 months) and even slower 
in lymph nodes (up to 2 years). It was not clear whether this fading was due to par-
ticle dissolution, darkening, or excretion mechanisms. Surprisingly, two-photon 
spectral confocal microscopy indicated the presence of QDot clusters in liver, 
spleen, and lymph nodes 2 years post-injection, but their fl uorescence was signifi -
cantly blue-shifted [ 64 ], which differs from previous reports reporting red-shifting 
attributed to QDot clustering. Interestingly, the blue shift in peak position was not 
seen at early time points, neither attributed to storage and was due solely to the long 
residence time in living animals, indicating partial degradation of the semiconduc-
tor crystals (Fig.  6 ). In spite of the ZnS shell and polymer coating, the blue shift 
could be due to the loss of core materials, a change in the size/shape ratio of the 
nanocrystal, or the degradation of the ZnS shell. The absence of apparent  toxicity   of 
 QDots  , injected at a concentration that would show lethal toxicity as soluble cad-
mium ions (8.5 mg/kg of Cd, equivalent to about two  lethal      doses of Cd 2+  injected 
intravenously), and the persistent fl uorescence signal indicate that some particles 
remained almost intact after 2 years without substantial leakage of cadmium, but 
that they had experienced some crystal or surface modifi cation explaining the blue 
shift. In the mentioned study, nanoscale examination of the morphology and ele-
mental composition of the persistent particles would be necessary to provide insight 
into the long-term  biotransformation   of QDots.

   In another study, the chemical fate of aqueous synthesized CdTe/ZnS injected 
intravenously in mice was investigated over the course of a 28-day period [ 65 ]. 
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  Fig. 6    Two-year fate of CdSe/ZnS Qdots coated with PEG 5000 intravenously injected in mice. 
( a ) Mouse visualized 2 years post-injection (visible light on the  left , 655 nm fl uorescence on the 
 right ), showing signal coming from  QDots   in the inguinal and axillary lymph nodes, indicated by 
 white arrows . Autofl uorescence is seen in the intestines and in the cartilage in the kneecaps. ( b ) 
Comparative histograms of the fl uorescence peak positions of lymph nodes, liver, and spleen from 
freshly injected control mice (24 h post-injection of QDots) and from 2-year mice. The QDot fl uo-
rescence in liver, spleen, and lymph nodes 2 years post-injection is signifi cantly blue-shifted, indi-
cating partial degradation of the semiconductor crystals. Adapted from [ 64 ] with permission       
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ICP-MS was used to simultaneously measure the concentrations of cadmium and 
tellurium in the blood and tissues and the molar ratio of Cd:Te was used as a marker 
for QDot degradation. Interestingly, Cd and Te displayed different blood kinetics and 
biodistribution profi les. While the Cd:Te ratio did not vary compared with intact QDs 
within the fi rst hours in the blood, it decreased gradually over time from the 6-h time 
point suggesting that the  QDots   were not chemically stable and partially break down 
in the blood. Furthermore the biodistribution of Cd and Te was different in organs: 
Cd accumulated in the liver, kidneys, and spleen, whereas Te was distributed primar-
ily to the kidneys. Cd:Te ratio in various organs differed over time, and more particu-
larly in liver and kidneys [ 65 ]. These fi ndings indicated that CdTe/ZnS could degrade 
differently depending on the organs and that Cd and Te have different fates  in vivo  . 
One hypothesis is that metallothionein, a protein inducible by various metallic ele-
ments, could form stable complexes with Cd released from QDots and accumulate in 
the liver and later in kidneys. Indeed the half-life of Cd appeared to be very long in 
kidneys. This study illustrates how different the fate of  NPs   can be in vitro and  in 
vivo  , as the same QDots were chemically stable in vitro. The distinct distribution of 
Cd and Te suggests that the modifi ed/degraded QDots (with different Cd:Te ratio as 
the original QDots), their residues, and the soluble-released ions can have different 
clearance mechanisms [ 65 ]. The mechanisms by which the covalent bonds of QDots 
dissolved in biological extra- or intracellular environments have not been elucidated 
and require further investigations. The fates of soluble species in comparison to NP 
residues remain unknown. This study nevertheless highlights the complex mecha-
nisms of NP processing in the body, leading to time-dependent and organ-dependent 
oxidation of  QDots  , dissolution, remediation by endogenous protein, and persistence 
or clearance [ 65 ]. Clearly complementary methods are urgently needed (including 
electron microscopy) to identify and track the  NPs   and their by- products long-term 
and to relate their life cycle to potential  toxicological      outcomes.  

3.2     Skin: The Underemphasized Organ of Nanoparticle’s 
Accumulation 

 Intravenously administered  inorganic nanoparticles   generally and expectedly end 
up within the liver and the spleen. Nevertheless, another organ, which is much more 
accessible and prone to biopsies, has been recently highlighted. Sykes et al. recently 
described how ZnS-capped CdSeS QDots and Au  NPs   could be visually detected 
and quantifi ed in the skin (Fig.  7 ) [ 66 ]. Administered  xenobiotics   were then quanti-
fi ed with  inductively coupled plasma atomic emission spectroscopy (ICP-AES)   
measurements, which determined that the dose of administered materials was lin-
early proportional to the material that accumulated in the skin. In addition, evidence 
was provided that non-degraded nanoparticles accumulated in dermal macrophages 
and dendritic cells at lower  QDots   and Au NP doses (4.4 or 0.07 pmol g/b.w., 
respectively), and within the pericellular space of the dermis and the subcutaneous 
tissue at higher doses (80–240 or 0.67–6.67 pmol g/b.w., respectively).
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3.3        In Vivo  Toxicity      of  QDs   

  Cadmium-based QDots   raise specifi c toxicity issues given the high toxicity of cad-
mium ions in humans, as hepatic, renal, neurologic, and genetic toxicities have been 
reported [ 67 ]. The degradation of cadmium-based QDots and the subsequent release 
of free cadmium ions (Cd 2+ ) may cause their overall toxicity. Cadmium-free  QDots   
are being developed, but their optical properties are not as effective and their toxic-
ity has not been fully addressed [ 68 ]. 

  QDots   were shown to increase intracellular  ROS   and induce autophagy. 
 N -acetylcysteine, an antioxidant inducer, reduced intracellular ROS and conse-
quently reduced autophagy and enhanced cell death of QDot-treated cells. 
Independent inhibition of autophagy also reduced cell viability, suggesting that 
lysosomal biogenesis and induction of autophagy could be a defense mechanism 
elicited by intracellular accumulation of  QDots   [ 69 ]. 

 As for  IONPs   and Ag  NPs  , it remains rather diffi cult to distinguish the  biological   
effects of intact  NPs   from that of released ions. Toxicity of QDots correlates with 
surface oxidation, decrease of size, and disruption of crystal lattice, which also 
depend on the protective effect of different shell layers and the chemical  composition 
of the QDots [ 40 ,  70 ]. The gradual release and  accumulation      of Cd 2+  will likely 
contribute to toxicity, but in a delayed manner. Indeed, cellular effect would occur 
only if the concentration of heavy metal ions becomes too high to be processed by 
cells, which is more probable in nonproliferating cells [ 71 ,  72 ]. Nevertheless, 
NP-mediated  ROS   induction could have more rapid effect as reported above. We 
highlight again that since cultured cells do not metabolize complex chemicals, 
in vitro tests do not replicate the actual fate of  NPs    in vivo   and studies on animals 
remain unavoidable.   
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  Fig. 7    Accumulation of QDots in mice skin after intravenous injection to mice. ( a ) Mice injected 
with  QDots   of different emission wavelengths (575, 667, and 525 nm) simultaneously imaged at 2 
HPI under ultraviolet light illumination.  White arrows  point to zones of QDot accumulation. ( b ) 
An example of a mouse pre- ( left ) and post- ( right ) injection of QDots, where fl uorescence covers 
the entire skin. ( c ) ICP-AES quantifi cation of QDots in the skin is linearly related to injection dose. 
Error bars denote the standard error of the mean values ( n  > 3). Adapted from Sykes et al. with 
permission [ 66 ]       
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4      Silver Nanoparticles (Ag NPs)   

 Silver nanoparticles have been mostly developed for their potent antimicrobial 
properties. In the past, their use  in vivo   mainly concerned the treatment of infected 
wounds or promoting wound healing. Owing to their plasmonic properties, they 
have been lately suggested as promising platforms for  SERS   [ 73 ] and photoacous-
tic imaging [ 74 ] or as theranostic tools for photothermal or antiviral therapy. The 
optical properties of Ag NPs make them good candidates for biosensing and imag-
ing  in vivo  . In addition to the targeted imaging of cancer cells [ 3 ], other potential 
applications of Ag NPs include the identifi cation of pathogens by  SERS   [ 75 ] and 
the detection of biomarkers in Alzheimer’s disease [ 76 ]. In addition, as the size and 
shape of Ag NPs determine their plasmon spectral response, changes in the particle 
morphology could generate multicolor colloids that could also be used as biological 
 labels   [ 77 ]. 

4.1     Therapeutic Properties and In Vivo Behavior of Ag  NPs         

 The antimicrobial and cytotoxic properties of silver nanoparticles have been exten-
sively studied. Nevertheless, the source of these properties still remains unclear due 
to the complex partitioning of silver species in biological media. The antimicrobial 
effects of Ag NPs are mostly mediated by Ag +  ions released by particles. Indeed 
anaerobic conditions precluding the oxidation of Ag NPs abolish their antibacterial 
effects [ 78 ]. 

 As for  IONPs  , Ag NPs’ fate depends on particle size, shape, and surface chem-
istry, and their stability can be compromised in biomedical formulations and/or after 
intracellular processing [ 79 ,  80 ]. While Ag NPs mostly reside in lysosomal com-
partments, released Ag +  ions or ultrasmall Ag clusters might translocate out of the 
 lysosomes   and eventually transfer from cell to cell, as it happens for IONPs [ 36 ]. 

 Silver nanoparticles provide a long-term source for continuous release of Ag +  
ions, delaying the biological outcome until the intracellular Ag +  concentration 
becomes high enough and the local environment governs the kinetics of Ag NP 
degradation. The dissolution rate of Ag NPs was estimated to be 50 times faster in 
cell lysosomes than in water due to higher ionic strength and acidic pH [ 81 ]. 

 Silver nanoparticles might also elicit adverse reactions through interactions of 
Ag +  with thiol groups from proteins [ 82 ]. Glutathione has a major role in Ag +  distri-
bution, as Ag +  interacts with its sulfhydryl groups; thus an organ’s ionic silver 
uptake might be considered proportional to the relative organ glutathione concentra-
tion [ 43 ]. Empirical evidence obtained from in vitro studies suggests that silver is 
transformed to silver sulfi de species [ 43 ]. Thus, a potential scenario has been 
assumed for Ag NPs fate: (1) Ag NPs dissolve and release soluble silver species, 
and (2) Ag NPs are directly transformed to silver sulfi de particles [ 83 ,  84 ]. 
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 Interestingly the nature of the surface coating, as well as the oxygen availability 
or the NP size or shape, can modulate the NP dissolution and the release of Ag + . For 
example, polymers, such as  polyvinylpyrrole  , offer a better protective shield against 
degradation than small citrate ligands [ 85 ]. Similarly, the dissolution rate of Ag  NPs         
can be reduced by the binding of thiol ligands and the formation of sulfi dic coatings 
on the surface of particles [ 84 ].  

4.2      Toxicity of Ag NPs      

 The lack of general conclusions regarding the fate and toxicity of Ag NPs mainly 
comes from the diffi culty to assess their cellular or organ uptake (the standard quan-
tifi cation method being ICP-MS), and to distinguish between the effects of Ag NPs 
and Ag +  ions released by NPs. This is a general problem for highly reactive and 
corrosive NPs, as already mentioned for  QDots   or  IONPs  . 

 The differential intracellular distribution of Ag NPs and their ionic residues elic-
its distinct cell responses, ranging from oxidative stress to binding and reacting with 
proteins and inducing DNA damages [ 82 ]. In addition, high protein concentration in 
cell culturing media could decrease the in vitro cytotoxicity of nanoparticles and 
nanosilver’s antibacterial activity could be blocked by thiol-containing agents [ 82 ]. 
For example, cell treatment with cysteine, a potent ionic Ag +  ligand, could also, at 
least partially, overcome the chromosomal damage in human hepatocarcinoma cells 
treated with Ag NPs [ 86 ]. 

 The acute versus subchronic injury response mostly depends on the dissolution 
rate of Ag NPs, which should be fi nely controlled. Overall, the potential of silver 
 NPs   for  imaging   and for therapy resides in a subtle balance between the differently 
toxic silver species and their partitioning over time as function of their biodistribu-
tion. The slow and continued size-dependent degradation of Ag NPs might elicit a 
delayed toxic effect, as it was the case in a study evaluating Ag NPs’ effects after 
inhalation, where a mild pulmonary  fi brosis      took place only 3 weeks after adminis-
tration of Ag NPs [ 82 ,  87 ].   

5      Gold Nanoparticles (Au NPs)   

 Gold salts have been used in the treatment of rheumatoid arthritis [ 88 ,  89 ] for a long 
time; however recent medical promises involving plasmonic Au NPs include diag-
nosis with optical imaging and spectroscopy,  SERS   imaging, spectral CT and pho-
toacoustic imaging, photothermal ablation therapy, and use as “biocompatible” 
photoactive drug vehicles. 
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5.1      Role, Effect, and Fate of Au NPs   

 In contrast to Ag NPs,  QDots  , and  IONPs  , Au NPs are generally considered chemi-
cally inert and thus not prone to degradation. Although the clearance and excretion 
profi le of Au NPs depend on their size, shape, and surface functionalization, Au NPs 
display a very low reactivity to their environment, resulting in long-term persis-
tence of intact particles [ 12 ,  90 ]. Persistent NPs, such as Au NPs, thus raise different 
 toxicity   concerns from biodegradable NPs. The main concerns are therefore not 
related to the released ions, but to the accumulation of non-degradable nano- objects 
that would reside within intracellular compartments and alter basic functions of cell 
homeostasis.  

5.2      Cell Internalization   of Au  NPs   

 Although Au 0  is considered relatively inert, corrosion and degradation could occur 
in the hostile environment of  lysosomes  . While acidic media has no impact on gold, 
thiols can bind to the Au surface, and may lead to pulling out of Au atoms via the 
ligand from the Au surface [ 91 ,  92 ]. Thiols are available in cells, namely in the  glu-
tathione  . In addition, the oxidation of Au 0   in vivo   could be mediated by some amino 
acids. Thus, in vivo, the Au 0  from  NPs   could (very slowly) dissolve to soluble Au +  
and  Au 3+  species, especially if the surface ratio is high such as in very small particles 
or in NPs presenting sharp  pikes  . Thermodynamic laws might also govern shape 
transitions of Au NPs, stabilizing different shapes or favoring degradation on pref-
erential faces that are less stable than others. Thus, even for “inert” materials, such 
as Au, degradation or crystalline reorganization might occur to some extent [ 38 ].  

5.3     Long-Lasting, But Not “Eternal”: The  In Vivo 
Biopersistence of Au NPs      

 Our group recently investigated the 1-year fate of gold/iron oxide heterodimers 
injected intravenously in mice. In line with previous studies investigating the fate of 
gold particles [ 12 ], we found coating-dependent accumulation in liver and spleen, 
with a larger uptake of dimers coated with amphiphilic polymers in comparison to 
PEG-coated dimers, confi rming the impact of the original particle shell [ 93 ]. 
However in comparison to magnetic iron oxide, the gold concentration in liver and 
spleen decreased only slightly, diminishing by a twofold factor 1 year following the 
administration. This illustrates the long-term persistence of gold nano-seeds and is 
in line with previous investigations showing very slow and size-dependent elimina-
tion of PEG-coated Au NPs from these organs [ 94 ]. This is also consistent with  in 
vivo   nanoscale observations proving the long-lasting persistence of the gold core of 
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nanohybrids (NHs) at the same time as iron oxide being degraded (Fig.  8 ). Hence 
we clearly observed a material-dependent elimination process, which is related to 
the differential reactivity of gold and iron oxide to the local environment, and is 
probably also connected to distinctive biological requirements to degrade/reuse/
eliminate the constituents of these two materials.

   Nevertheless we clearly observed that gold nanoparticles gradually erode, even 
if the erosion rate is slow, and gold elimination was correlated with the erosion of 
the 5 nm gold cores, or their disintegration into smaller particles as observed by 
TEM in organs (Fig.  8 ). The kinetics of retention of NHs-derived gold is compara-
ble with a previous report on 4 nm PEG-coated gold particles, which peaked at 7 
days post-injection and decreased faster than for larger particles [ 94 ]. Moreover, 
 TEM      observations of Au NP erosion can account for their long-term elimination, if 
we assume that very small gold particles or molecular gold can be excreted from the 
liver through hepatobiliary clearance. It has been shown before that small gold NPs 
of 10 nm showed the most widespread organ distribution in comparison to larger 
particles [ 90 ], suggesting possible translocation between organs. Semmler-Behnke 
et al. also reported that the translocation of gold  NPs   from lungs to secondary target 
organs was inversely proportional to the NP diameter [ 95 ,  96 ] and that the hepato-
biliary clearance from liver at 24 h post-injection strongly increased for 2.8 nm- 
sized and smaller nanoparticles [ 97 ].  

5.4      In Vivo Toxicity of Au NPs         

 The acute toxicity of Au NPs is deemed to be very low, and the LD50 of gold clusters 
(1.9 nm) injected intravenously to mice was as high as 3200 mg of Au/kg b.w. [ 98 ]. 

 Nevertheless, there is a growing body of studies suggesting that biopersistent 
nanomaterials can impact the endo/lysosomal and autophagic pathways [ 99 ]. 
Lysosomal dysfunction could result from nanoparticle biopersistence or inhibition of 
lysosomal enzymes, such as inhibition of phospholipase resulting in phospholipidosis 
or inhibition of lysosomal protein degradation resulting in lysosomal overload. 

Fig. 8 (continued) day 7 after injection, in some particles, the iron oxide shell has been locally 
degraded leaving resilient gold core ( white arrows ). Concomitantly, the magnetic properties of the 
nanohybrids are progressively lost over time in liver and spleen, confi rming the dissolution of iron 
oxide.  Bottom:  Second stage, degradation of gold particles and formation of gold residue assem-
blies observed on D90 in spleen. ( a ,  b ) Bright-fi eld micrographs, showing intact and degraded 
heterostructures close to large assemblies of very small gold particles. Some chains of degraded 
nanohybrids are still apparent. ( c ) STEM-HAADF micrograph of ( b ) showing different contrast of 
gold residues ( blue  window) and iron-rich ferritin proteins ( red  window). ( d ) STEM-EDX nano-
analysis of the blue window in ( c ) identifi es the electron-dense residues as gold particles ( e ) The 
size distribution of initial gold cores (mean diameter of 5.01 ± 0.86 nm at day 1 in vivo) is shifted to 
lower sizes (mean diameter of 3.05 ± 0.64 nm) after dissolution of iron oxide at day 90, revealing 
the gradual erosion of the gold nanocrystals. This study illustrates the different fates of different 
nanomaterials accumulated together in the same  lysosomes   and demonstrates non-ambiguously for 
the fi rst time intralysosomal degradation of iron oxide NPs. Adapted from Kolosnjaj-Tabi et al. [ 38 ]       
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  Fig. 8    Example of two-stage local intralysosomal nanodegradation of iron oxide/gold nanohy-
brids injected intravenously to healthy mice.  Top:  Gold iron/oxide heterostructures are rapidly 
sequestered in  lysosomes   of the macrophages in spleen and liver following intravenous injection. 
The intact heterostructure (gold core and iron oxide shell) is evident at day 1 post-injection. From 
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Nanoparticles’ exposure has also been shown to cause autophagic activation, resulting 
in increased lysosomal-mediated degradation of cellular organelles. Autophagy induc-
tion by NPs may be an attempt to degrade what the cell perceives as foreign or aber-
rant [ 100 ]. In turn, accumulation of biopersistent NPs in lysosomal compartments 
may induce enzyme inhibition and blockade of autophagy fl ux, due to NP overload 
and disruption of autophagosome–lysosome fusion [ 101 ]. 

 There are several aspects in the toxicity risks of gold NPs, which are also related 
to their coating on one part, and shape and size effect on the other part [ 33 ]. 
 Cetyltrimethylammonium (CTAB)   has been commonly used for synthesis of gold 
NPs, but has been shown to be the major source of Au NP toxicity [ 102 ]. In CTAB- 
 free   Au NPs or Au NPs, passivated by polymer shell, the suggested toxicity was 
highly size dependent. For example, Pan et al. [ 103 ] found that ultrasmall 1.2 and 
1.4 nm Au NPs elicited apoptosis and necrosis, whereas smaller gold compounds 
(Tauredon), or larger NPs of 15 nm, were comparatively nontoxic.  Chen         and 
coworkers [ 104 ] reported  in vivo   toxicity with spherical Au NPs from 8 to 37 nm, 
but not for smaller (3 and 5 nm) or larger NPs (50 and 100 nm). The effect of shape 
(spheres, rod, stars, etc.) has also been reported, but remains rather diffi cult to assess 
thoroughly due to diverse synthetic processes of differently shaped NPs.   

6     Conclusion 

 This chapter describes the basic principles of distribution,  toxicity  , degradation and 
elimination, or recycling, applicable after the in vivo administration of prospective 
 inorganic nanoparticles   for  imaging  . When nanoparticles enter the organism, they 
undergo a variety of changes orchestrated by the biological environment, which 
dictates the particles’ interaction with blood proteins,  cell internalization  , intracel-
lular sorting, and potential expulsion from the cell. After administration, the core- 
shell (or core-coating) complexes or composite materials in nanohybrids separate 
and undertake different processing pathways that depend on the chemical composi-
tion of the material. The physical characteristics (such as magnetic or plasmonic 
properties) of nanoparticle cores evolve. In due course a  degradation   takes place 
with nanoparticle constituents (the ionic compounds or small clusters of the xenobi-
otic material) either being recycled (used as building blocks for endogenous compo-
nents, such as the hemoglobin in red blood cells) and gradually eliminated or merely 
excreted from the organism after enduring reactions with intracellular biomolecules. 
While the mechanism of degradation unconditionally depends on the composition 
of the material, we should be aware of the biological processes that will follow after 
nanoparticles’ administration. On the one hand, a sudden and massive degradation 
might represent a heavy burden to the organism, which might result in a toxic out-
come. On the other hand, a persistent load of poorly reactive nanoparticles might 
physically hinder and/or alter the physiological processes within the cells, and affect 
homeostasis. Specifi c approaches and studies are therefore necessary to strategically 
design particles in order to harness their biodistribution and persistence, as well as 
warrant a safe translation into the clinic.     
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      Imaging and Therapeutic Potential 
of Extracellular Vesicles                     

     Max     Piffoux    ,     Florence     Gazeau    ,     Claire     Wilhelm     , and     Amanda     K.  A.     Silva    

1           Introduction 

  Extracellular vesicles (EVs)   are membrane-delimitated subcellular entities released 
by cells in a constitutive manner or in response to stress [ 1 – 3 ]. EVs contain mem-
brane proteins and lipids, as well as cytoplasm components in a pattern which 
depends on the type of stimulation and physiopathology of parental cells [ 4 ,  5 ]. EVs 
constitute a far-reaching intercellular communication pathway controlling cell sig-
naling, a unique feature that stems from their extraordinary ability to transfer mate-
rial between neighbor and distal cells. Once released, EVs can be internalized by 
neighbor cells or circulate to attain distal cells mediating an information transfer 
that may be either homotypic or heterotypic [ 6 ,  7 ] (Fig.  1 ).

   Formerly considered as cellular dust [ 8 ], EVs are now recognized as active players 
participating in homeostasis and disease [ 9 ]. Indeed, EVs act as biological effectors in 
physiologic processes, such as coagulation [ 10 ], immune response [ 11 ], pregnancy 
[ 12 ], as well as pathologic ones related to infection [ 13 ] and cancer [ 14 ,  15 ]. If EVs 
play a pivotal role in the regulation of physiological and pathological processes, it is 
because they are competent to mediate intercellular communication via the transfer of 
proteins and genetic information to recipient cells. 

 In addition to the intrinsic properties,  EVs   may be engineered to display  exogenous 
imaging      and therapeutic properties. The possibility of customizing EVs with exogenous 
imaging tracers and therapeutic drug/ nanoparticles   has opened up a wide range of excit-
ing perspectives. On the one side, there is an enormous need to decipher the complex fate 
of  EVs   and decode their traffi cking in the organism. The design of EV displaying imaging 
tracers will assist in the understanding of their biodistribution and interplay with recipient 
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cells, shedding light on their role in mechanisms related both to homeostasis and disease. 
On the other side,  EV loading      with drugs, nucleic acids, or heating nanoparticles repre-
sents a unique opportunity to translate EVs into intrinsically biocompatible bio-inspired 
therapeutic delivery systems. Indeed, EVs feature advantageous attributes of delivery 
vehicles. First of all, they represent the most physiological carrier choice considering the 
natural role of EVs as conveyors of biological cargoes and mediators of information 
transfer. Indeed, EVs are constituted of natural components, whose size and fl exibility 
enable them to travel across biological membranes [ 16 ]. Additionally, the ability of EVs 
to shelter their internal cargo, such as proteins and genomic material, from the harsh 
extracellular environment space also makes them promising carriers. 

 Herein, EV engineering for imaging or  therapy   purposes will be overviewed. 
First, the biogenesis of EVs is outlined.  Production  , loading, isolation, and character-
ization methods are presented and discussed. EV biodistribution studies based on 
vesicle engineering with imaging agents are commented. The engineering of EVs for 
designing bio-camoufl aged delivery systems is equally highlighted. Our concluding 
remarks summarize current challenges in the perspective of clinical translation.  

2      EV      Classifi cation and Biogenesis 

 The classifi cation of EVs remains a matter of debate. Currently, the proposed classifi -
cation takes into account their size, content, and mainly their biological origin. Herein, 
we discuss EV classifi cation into  exosomes  ,  microvesicles  , and apoptotic bodies. 

  Fig. 1    Extracellular  vesicles   can interact with neighbor cells delivering their cargo in a homotypic 
cell transfer (1) or in a heterotypic cell transfer (2). Vesicles may also circulate (3) and be uptaken 
by distal cells (4)       
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 The term  exosomes   was coined by Johnstone’s group which observed multivesicu-
lar bodies (late endosomes) releasing their inner vesicles into the extracellular medium 
[ 17 ,  18 ]. As the process was in the opposite fl ow of endocytosis, the term  exosomes   
was used. Exosomes can be considered as an endocytosis end product. The endocy-
totic pathway is overviewed in Fig.  2 . First of all, endocytic vesicles are formed at the 
 plasma membrane   and fuse with early endosomes. Their content may then undergo 
recycling, degradation, or exocytosis. When their content should be recycled, early 
endosomes regress to the plasma membrane (recycling endosomes). Otherwise, early 
endosomes follow a maturation step to become late endosomes featuring vesicles 
(30–100 nm) that bud into the  lumen     . Such late endosomes or multivesicular bodies 
(MVBs) may further fuse with  lysosomes   if the fate of their content is degradation. 
Alternatively, if their content should be exported, late endosomes fuse with the plasma 
membrane and excrete their intraluminal vesicles into the extracellular space. Such 
released vesicles are exosomes [ 19 ,  20 ]. Exosomes originated from different cell 
types share common groups of proteins: (1) proteins related to antigen binding and 

  Fig. 2     Exosome   and microvesicle formation. Exosomes are a subproduct of the endocytotic path-
way originating from endosomes.  Endosomes   may be classifi ed into early endosomes, late endo-
somes, and recycling endosomes. When their content is destined for recycling, it is sorted to the 
 plasma membrane   via recycling endosomes. When their content is destined for degradation or 
exocytosis, early endosomes then undergo a series of transformations, namely the formation of 
30–100 nm vesicles that bud into the lumen of late endosomes. For this reason, these late endo-
somes are also known as  multivesicular bodies (MVBs)  . The late endosomes are then destined to 
fuse with either lysosomes (content degradation) or the plasma membrane (content secretion). The 
vesicles released into the extracellular space are  exosomes  . In contrast, microvesicles originate 
from the direct outward budding and fi ssion of the plasma membrane       
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presentation such as MHC class I and II proteins; (2) proteins involved in membrane 
fusion as well as transport such as annexins and rab proteins; (3) proteins involved in 
cell adhesion such as integrin proteins; (4) proteins from the cytoskeleton such as 
tubulin and actin; (5) metabolic enzymes such as peroxidases, pyruvate, and lipid 
kinases; and mainly (6) tetraspanins including CD9, CD63, CD81, and CD82 [ 21 ]. 
Current literature suggests that endosomes are enriched in markers such as CD63 and 
CD9. However, these biomarkers do not fully defi ne exosomes [ 20 ].

    Microvesicles   display a biogenesis mechanism quite distinct from exosomes. In 
opposition to the biogenesis of  exosomes  , microvesicles originate from the direct 
outward budding and fi ssion of the  plasma membrane  . Microvesicles are larger in 
size (50–1000 nm) when compared to exosomes. However, small microvesicles and 
large exosomes overlap in size [ 20 ]. The biogenesis of microvesicles is an outcome 
of phospholipid redistribution and cytoskeletal protein contraction. In the plasma 
membrane, there is a natural phospholipid asymmetric distribution that is tightly 
regulated by aminophospholipid translocases that transfer phospholipids from one 
leafl et of the plasma membrane to the other [ 22 ]. When there is a signifi cant increase 
of cytosolic Ca 2+  accompanying cell stimulation, translocase function is dysregu-
lated. This leads to a collapse of the membrane asymmetry culminating in surface 
exposure of phosphatidylserine (PS). Such a process is followed by the release of 
 microvesicles   induced by cytoskeleton degradation via Ca 2+ -dependent proteolysis 
[ 2 ,  20 ]. Microvesicles were previously described as annexin V positive, but recent 
evidence based on cryo-transmission  electron microscopy   (TEM) shows that nearly 
50 % of these vesicles express PS at their membrane [ 23 ]. 

 In contrast to  exosomes   and  microvesicles  , which are physiologically secreted 
by cells,  apoptotic      bodies are produced only during programmed cell death [ 20 ]. 
Apoptotic bodies also differ in size and composition from microvesicles and exo-
somes. They present generally with a larger size (500–4000 nm) and are character-
ized by the presence of intact organelles with or without a nuclear fragment within 
the  plasma membrane   vesicle [ 24 ]. 

 The aforementioned features of exosomes, microvesicles, and apoptotic bodies 
are widely reported and accepted by the international community. However, charac-
terization diffi culties related to their size and constitution render the frontier between 
the different vesicles unclear. Increasing evidence from the literature also indicates 
that vesicles share common features suggesting that body fl uids display a contin-
uum of vesicle types whose properties are sometimes overlapping [ 25 ]. 

 Apart from the classifi cation relying on the biogenesis mechanism, there is a 
parallel classifi cation based on the source of isolation. Indeed,  EVs   have been 
 isolated from diverse body fl uids, including semen [ 26 ], blood [ 27 ], urine [ 28 ], 
saliva [ 29 ], breast milk [ 30 ], amniotic fl uid [ 31 ], ascites fl uid [ 32 ], and bile [ 33 ], just 
to name a few. In this way, the terms epididimosomes (vesicles from epididymal 
fl uid), prostasomes (vesicles from seminal fl uid) [ 26 ], matrix vesicles (vesicles in 
bone, cartilage, and atherosclerotic plaques) [ 34 ], synaptic vesicles (vesicles from 
neurons) [ 35 ], dexosomes (exosomes released from dendritic cells) [ 36 ], onco-
somes/texosomes (tumor cell-derived exosomes) [ 37 ], and outer membrane  vesicles      
(vesicles derived from bacteria) [ 38 ] have been used.  
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3      EV      Production 

 EVs are spontaneously produced during cell culture or released in response to a 
biological, chemical, or physical trigger. 

  Exosomes   are spontaneously released by cells in culture with complete medium. 
However, as the complete medium naturally contains exosomes, serum must be 
previously depleted from its bovine-exosome content by ultracentrifugation. 
Exosome release is strongly infl uenced by the producer cells. In a comparative 
basis, the relative amount of exosomes secreted in the conditioned culture media of 
fi ve different cells or cell lines was evaluated. Mesenchymal stem cells derived from 
human embryonic stem cells were found to produce the highest amounts of exo-
somes, followed by the human embryonic kidney cell line (HEK) [ 39 ]. The parent 
cell type from which exosomes are derived may also induce different effects on the 
recipient cells. The interested reader may refer to a recent review paper [ 40 ]. 

 An important parameter not taken into account in previous studies is the fact that 
EV  production   and release in the medium is a dynamic process, which comprises 
EV recapture by cells. It means that the EV number will increase until it reaches a 
plateau, depending on many parameters such as the cell production, the cell recap-
ture, and the volume of media. It has been reported that the time until reaching the 
plateau was in the 8–12-h range for breast cancer cells [ 41 ]. 

 Apart from the spontaneous exosome release, cells may be stimulated to induce 
EV release via serum or oxygen deprivation. For example, serum deprivation 
enhanced EV release from RPMI 8226, U266, and KM3 cells by 2.5-, 4.3-, and 3.8- 
fold, respectively, compared to culture in complete medium [ 42 ].  Hypoxia   is another 
stress factor triggering EV release. For instance, MCF7, SKBR3, and MDA-MB 
231 cell culture at 0.1 % O 2  with complete medium for 24 h resulted in a nearly 
twofold increase in exosome release compared to the normoxic control, considering 
nanoparticle tracking analysis (NTA) data [ 43 ]. Both serum deprivation and hypoxia 
are quite straightforward methods for EV production as no further processing is 
required to eliminate the  vesiculation      trigger agent. 

 Cell activation is also known to trigger EV release. As an example, 20-min stim-
ulation of neutrophils with TNF-a (50 ng/ml), IL-8 (50 ng/ml), and leukotriene B4 
(LTB4; 10 nM) induced EV release to double compared with resting cells, accord-
ing to  imaging   fl ow cytometry [ 44 ]. Interestingly,  EVs   released upon cell activation 
display a phenotype different from EV released under serum starvation. EVs from 
endothelial cells expressed constitutive markers, such as CD31 and CD105, when 
the triggering stimulus was serum deprivation. In contrast, inducible markers such 
as CD54 and CD62E were increased for  EVs   only when endothelial cells were sub-
mitted to TNF-α activation stimulus [ 5 ]. 

 EV release is also infl uenced by chemical agents.  Cytochalasin B  , which inhibits 
actin polymerization, is able to induce the release of EVs comprising functional cell 
surface receptors on the membrane and cytosolic proteins in its inner compartment [ 45 , 
 46 ]. For instance, cytochalasin B (2 μM) incubation enhanced EV release by freshly 
isolated neutrophils by a factor of about 2 [ 44 ]. Ethanol is another chemical agent able 
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to enhance EV release both in vitro and in vivo.  Hepatocarcinoma cells (Huh7.5 cells)   
presented an increase in the number of released exosomes in response to ethanol incu-
bation in a time- and dose-dependent manner. The enhancement was near tenfold when 
cells were incubated at 100 mM concentration, according to NTA data [ 47 ]. 

 Recent approaches to produce EVs relate to physical and mechanical methods. 
Machluf et al. proposed the use of a  liposome   extruder to transform ghost cells or 
loaded cells into submicron vesicles [ 48 ,  49 ]. Cell ghosts were produced from rat 
 MSCs   and human smooth muscle cells hypotonically treated with tris-magnesium buf-
fer to allow cytosol removal. For EV  production  , ghosts were extruded through 0.4 μm 
polycarbonate membranes [ 49 ]. However, the paper does not present any data about 
the effi ciency and the yield of this method. W Jo et al. reported the effect of high shear-
stress to induce EV release. They designed a microfl uidic chip featuring 37 μm sized 
channels, nearly in the cell diameter. Murine embryonic stem cells were pushed by a 
syringe pump into the channels at high speed (0.04 m/s). The authors indicate that cell 
deformation by the shear-stress induced EV  budding     . The authors argue a highly effi -
cient production of vesicles based on protein assay for EV quantifi cation [ 50 ]. Jang 
and colleagues reported the use of sequential fi ltration to process cells into vesicles. 
The process comprises the use of micrometric fi lters (10, 5, and then 1 μm pore size) 
to create  EVs   [ 51 ]. The use of centrifugal force (2000 rpm) to constrain cells to pass 
through fi lters with micro-sized pores (10 and 5 μm pore) was also reported for EV 
 production  . The authors indicate that their technique induces a friction force between 
the cell and the polycarbonate surface of the fi lter as both lipid heads and the fi lter 
membrane are hydrophilic. The tension makes the  plasma membrane   elongate until 
rupture is achieved. The lipid bilayer fragments that are planar immediately after mem-
brane rupture spontaneously self- assemble generating  EVs   of about 100 nm in size. 
The yield is about 250 higher than spontaneous exosome release in complete medium, 
according to protein assay data [ 52 ]. As it will be further discussed in the next section, 
the choice of the protein assay to quantify EV release is controversial. In a related 
approach, the use of nano- blades in a microfl uidic system has been reported to slice 
cell membrane, creating nanovesicles of 100–300 nm [ 53 ]. It has to be noted that a 
similar chip with similar nano-blades is used for rapid intracellular protein extraction 
by lysis [ 54 ], which supports the assumption that these chips are probably allowing the 
lysis of the cell, thus freeing organelles. The authors report the collection of 1.5 × 10 10  
vesicles per million cells, corresponding to 20 μg of protein. 

 Although there are several methods for EV  production  , the lack of comparison 
between them and inconclusive  EV      characterization data makes it diffi cult to point 
out which approach is the most suited for EV production.  

4      EV      Loading 

 EVs have been successfully loaded with drugs, nanoparticle, radiotracers, micro 
(mi)RNA, and fl uorescent dyes (Fig.  3 ). The approaches to confer exogenous 
imaging or therapeutic properties to EVs roughly fall into three categories. One of 
them relates to load the parent cell so that the EVs released from it inherit their 

M. Piffoux et al.



49

cargo. The other strategy concerns the  loading of EV      at the moment they are pro-
duced from physically squeezed parent cells. The last method relates to the direct 
loading of EV after its production and isolation. All three methods will be dis-
cussed in the following subsections.

4.1       Loading the Parent Cell Before EV  Release      

 In a top-down procedure, our group has engineered nanoparticle-loaded  EVs   from 
precursor cells previously loaded with the cargo. For this purpose, parent HUVEC 
cells were fi rst incubated with nanoparticles and allowed to internalize them. 
Starvation stress was employed to induce the release of vesicles hijacking the cargo 
from their precursor cell. By this method, EVs could encapsulate a set of nanoparti-
cles regardless of their chemistry or shape, such as iron oxide nanoparticles, iron 
oxide nanocubes, gold/iron oxide nanodimers, gold nanoparticles, and quantum dots 
[ 55 ]. Different hybrid nanovesicles were designed: magnetic, magnetic- fl uorescent, 
and magnetic-metallic vesicles, either single component or multicomponent. 

 Dual-drug/nanoparticle EV  loading   was also feasible by this method. We dem-
onstrated that vesicles from THP-1 cells could be loaded with iron oxide nanopar-
ticles and different therapeutic agents irrespective to their molecular weight, 
hydrophobic, hydrophilic, and amphiphilic character [ 56 ]. Thereby, magnetic vesi-
cles were loaded with a chemotherapeutic drug (doxorubicin), anticoagulant protein 
(tissue-plasminogen activator (t-PA)), or two photosensitizers (disulfonated tetrap-
henylchlorin (TPCS2a) [ 56 ] or mTHPC [ 57 ]. 

  Fig. 3     Engineering extracellular vesicles  . Vesicles could be engineered to enclose several mole-
cules, macromolecules, or particles for imaging or therapeutic purposes       
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 In a related approach, Mao and colleagues loaded 3T3 or HEK293 precursor 
cells with quantum dots and hydrophobic calcein acetoxymethyl ester as a model 
drug. Chloroquine was used to induce lysosome swelling liberating quantum dots 
into the cytoplasm. The release of  EVs   inheriting the dual cargo from the parent 
cells was triggered by cytochalasin B [ 58 ]. 

 The strategy of spontaneous cell loading for posterior cargo exported by EVs 
was also tested for miRNA or nucleic acid EV  loading  . For instance, HEK293T 
 cells      were transfected with enhanced green fl uorescent protein (EGFP) plasmid 
using polyethylenimine. EGFP-positive  exosomes   could be obtained from trans-
fected cells [ 59 ]. This approach has been used to incorporate short interfering (si)
RNA [ 60 ], miRNA [ 61 ], and  messenger (m)RNA   into exosomes. As mRNA trans-
fection results in protein expression by parent cells, both the protein and the mRNA 
were found to be packaged into exosomes [ 62 ]. Although endosomal sorting com-
plexes required for transport (ESCRT) (which mediates exosome budding in multi-
vesicular bodies [ 63 ]) have been shown to preferentially address some nucleic acid 
sequences (up to 57-fold [ 64 ]) to  EVs  , the obtained EV  loading   yield may be low. 
For instance, Kanada and colleagues [ 65 ] reported the loading of cells with lipo-
fectamine with either miRNA or plasmids coding for this miRNA in the attempt to 
enable further exosome and microvesicle loading. The authors indicated that they 
were not able to detect any loading in the exosome fraction. Only a low loading 
process with the entire plasmid in the microvesicle fraction was detected. 

 In case the cargo is a peptide or protein, an interesting strategy consists in fus-
ing the protein/peptide of interest with an EV-enriched protein. For instance, there 
is a near-100-fold enrichment in lamp2b or tetraspanins in  EVs   compared to the 
cell itself. Alvarez-Erviti and colleagues [ 66 ] used such an approach to engineer a 
lamp2b protein fused to the neuron-specifi c RVG peptide. Thereby, they suc-
ceeded in decorating exosomal membranes with this peptide coffering neuron tar-
geting. In a similar approach, a protein cargo of interest may be modifi ed to contain 
a membrane- targeting sequence (acylation domain, myristoylation domain, pre-
nylation domain, or palmitoylation), so that it will localize in the  plasma mem-
brane   and also in EVs by consequence. Such plasma  membrane      anchors have been 
used to target GFP to  exosomes   [ 67 ].  

4.2     Loading During  EV   Production 

 Another approach is to load vesicles at the moment they are produced. This strategy 
mainly relies on physical methods of EV release. For instance, EV loading with doxo-
rubicin was performed by extruding parent U937 monocytic cells through a series of 
polycarbonate membranes with pore sizes of 10, 5, and fi nally 1 μm in the presence 
of doxorubicin [ 51 ]. Similarly, rat  MSCs   and smooth muscle cells were extruded 
through 0.4 μm polycarbonate membranes in the presence of tumor- necrosis- factor-
related apoptosis inducing ligand (TRAIL) in order to produce TRAIL-loaded EVs 
[ 49 ]. In a related strategy, concomitant EV loading and production were reported for 
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the nano-blade approach in a microfl uidic system mentioned above. After the cell 
membrane was sliced,  plasma membrane   fragments self- assembled enveloping exog-
enous polystyrene latex beads present in the buffer solution to produce bead-loaded 
EVs, even if there was some unspecifi c bead adsorption [ 53 ].  

4.3      Direct Loading      or Decoration of EVs 

 In addition to the nanoparticle cell loading strategy to produce nanoparticle-loaded 
vesicles, our group also reported the direct vesicle decoration with  nanoparticles  . 
For this purpose, endothelial  EVs   were incubated with anionic iron oxide nanopar-
ticles that were able to bind to the vesicle surface by electrostatic interaction [ 68 ]. 
EV decoration was also reported with fl uorescent antibodies. For instance, human 
platelet-derived EVs could be double-stained by incubation with annexin V- and 
platelet-specifi c fl uorescent antibodies (anti-CD61, anti-CD63, or anti-CD62P, 
respectively) [ 69 ]. However, it should be noted that the constant of dissociation of 
these antibodies may enable them to leave their exosome antigen and interact with 
endogenous targets, misleading exosome biodistribution investigation. 

 Drugs may also interact directly with the membrane of EVs enabling loading. 
This is the case of the lipophilic drug  curcumin      [ 70 ,  71 ] that may be loaded into EVs 
via hydrophobic interactions. The same applies to lipophilic dyes such as PKH67 
and PKH26 or 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide (DiR) 
to confer EVs with a fl uorescent label [ 43 ,  72 ]. However, it is important to mention 
that lipid dye staining should be performed avoiding lipid excess. Otherwise, lipid 
dyes can form micelles and be co-purifi ed as a contaminant in EV preparations. EVs 
may equally be loaded with low-molecular-weight molecules such as paclitaxel and 
doxorubicin via single-step incubation at room temperature. Drug loading data eval-
uated by HPLC indicated nearly 7 ng of paclitaxel per 1 μg protein and 132 ng 
doxorubicin for 1 μg protein [ 73 ]. EVs may also be directly loaded with radiotrac-
ers. Erythrocyte EVs were incubated with sodium  51 Cr-chromate at 37 °C.  EVs   were 
then washed under ultracentrifugation to remove free chromate [ 74 ].  Loading   took 
place as the tracer is able to cross the erythrocyte membrane and bind to hemoglo-
bin. Once in the erythrocyte, the tracer is reduced by glutathione becoming trapped 
as the reduced form is not able to cross back  plasma membrane   [ 75 ]. 

  Electroporation   was proposed as a quite promising method for EV loading accord-
ing to a highly cited paper [ 73 ] that featured successful siRNA into exosomes using 
electroporation to knock down a therapeutic target in Alzheimer’s disease. However, 
2 years later, Kooijmans et al. [ 76 ] published a study explaining that the obtained 
results were indeed an artifact. In fact, electroporation created metal ions from the 
electrodes inducing the formation of siRNA aggregates. These aggregates were then 
co-purifi ed with  exosomes  . Therefore, siRNA transfer and effi cient RNA silencing 
were not EV mediated, but induced by siRNA aggregates. Once aggregation was 
inhibited by adding EDTA ion chelator or by coating the electrodes, siRNA was no 
more co-purifi ed in the exosome fraction. Haney and colleagues compared different 
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techniques to directly load catalase (a large antioxidant protein) into exosomes: incu-
bation at room temperature, freeze-thawing cycle method, permeabilization with 
saponin, sonication, and electroporation. Sonication and extrusion, as well as permea-
bilization with saponin, resulted in a high  loading   effi ciency and the obtained vesicles 
were in a size range of 100–200 nm [ 77 ]. 

 In overall, although there are different loading methods, the lack of comparative 
studies and thorough characterization render it diffi cult to point out the most effec-
tive one in terms of encapsulation effi ciency. Vesicle constitution and integrity after 
the loading  process      also remain unclear. It seems that there is still a need to develop 
scalable methods preserving vesicle constitution and integrity while enabling 
highly effi cient loading.   

5     EV  Isolation   

 The complexity of biological fl uids renders the isolation of  EVs   extremely diffi cult. 
Ultracentrifugation is the most common method to isolate EVs. Typically, centrifu-
gal accelerations of about 200–1500 ×  g  have been applied in order to remove cells 
and cellular debris. It is necessary to reach 10,000–20,000 ×  g  to pellet vesicles 
larger than 100 nm, while 100,000–200,000 ×  g  are required to pellet vesicles 
smaller than 100 nm [ 25 ]. A major hurdle of using ultracentrifugation-based purifi -
cation methods is the impact of G force on vesicles. The acceleration force may lead 
EVs to fragment, leak their cargo, or become activated. Besides, centrifugal accel-
eration of 100,000–200,000 ×  g  may induce vesicle fusion and protein sedimenta-
tion [ 78 ]. All these effects may infl uence EV properties and purity. In order to avoid 
cross-contamination between vesicles of different size ranges, it is recommended to 
perform further purifi cation using a sucrose cushion [ 16 ]. Such an additional purifi -
cation step is expected to eliminate large protein aggregate contaminants, which are 
sedimented by centrifugation, but do not fl oat on a sucrose gradient [ 79 ]. However, 
this method is time consuming while presenting low yield. 

 Although ultracentrifugation is the most common purifi cation method, there is cur-
rently no consensus about the optimal protocol for the isolation of pure vesicle popu-
lations [ 19 ]. Other methods may also be considered. New promising techniques are 
coming to the fi eld, such as the use of ultrafi ltration techniques, using 500–1000 kDa 
fi lters to retain EVs whereas most proteins are not retained. This technique was used 
in the fi rst clinical trial using  exosomes   [ 80 ]. Immunoaffi nity capture has also been 
proposed for EV isolation [ 81 ,  82 ]. For this, magnetic beads conjugated with antibod-
ies to bind specifi cally proteins overrepresented on  EVs   are used. Tauro and col-
leagues isolated human colon cancer cell line LIM1863-derived  exosomes   by means 
of anti-EpCAM-coated magnetic beads [ 83 ]. In this study, immunoaffi nity was evalu-
ated to be the best method to capture exosomes, as it was able to isolate a population 
enriched with exosome markers, and exosome- associated proteins by at least twofold 
more than ultracentrifugation and density gradient separation. However, this method 
is expensive and exosomes lacking specifi c antigens will not be recovered [ 16 ]. 
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 Immunoaffi nity may be conjugated to a microfl uidic approach to isolate EVs. 
Chen et al. reported a  microfl uidic immunoaffi nity method   based on their selective 
binding to anti-CD63-coated surfaces. They demonstrated the feasibility of isolat-
ing and extracting exosomal RNA from 100 to 400 μl serum samples within an hour 
[ 84 ]. A cutting-edge technique recently developed couples microfl uidics to acoustic 
purifi cation to isolate EVs. This approach is based on the principle that larger par-
ticles move faster as the acoustic force is proportional to their volume. Therefore, 
larger vesicles and cells move on the side of the channel, while nanometer-sized 
vesicles are retained in the center fl ow. This approach is label free and the size cut-
off can be controlled electronically in situ, enabling versatile size selection. 
Although the resolution of this technique allows a 90 % separation yield, it enables 
EV separation from cells or large debris, but not from protein contaminants [ 85 ]. 

 Size-exclusion chromatography was also used to isolate  EVs   and separate them 
from contaminating proteins. Böing and colleagues reported that  EVs   with a diam-
eter larger than 75 nm could be isolated from plasma by single-step size-exclusion 
chromatography. In contrast to ultracentrifugation, size-exclusion chromatography 
does not induce vesicle aggregation and there is no risk of protein complex formation 
induced by acceleration [ 86 ]. However, a recent paper described that this method 
was not as effi cient as previously thought, as it leads to low vesicle recovery [ 87 ]. 

 Our team described a magnetic sorting method to isolate  EVs   previously 
labeled with  magnetic nanoparticles  . A strong permanent magnet that creates a 
magnetic fi eld of B = 650 mT, and a magnetic fi eld gradient gradB = 55T m –1  in the 
volume of the syringe, was used for this purpose. This protocol, dedicated to mag-
netic EVs, was quite straightforward enabling EV purifi cation in a single step 
without adding reagents nor  antibodies   [ 57 ].  

6     Characterization 

 Several methods have been used to characterize EVs in terms of size, morphology, 
and constitution. They will be overviewed herein. However, it is important to mention 
that none of these techniques singly provide thorough biophysical and biochemical 
characterization of vesicles and their content [ 19 ]. Techniques must be combined sys-
tematically in the attempt to perform EV characterization as complete as possible. 

  Dynamic light scattering (DLS)   measurements are user friendly, fast, and 
rather straightforward. Additionally, DLS instruments also enable the determi-
nation of the zeta potential, which is the electric potential difference between the 
medium and the stationary ion layer bound to EVs [ 88 ]. DLS size is determined 
from fl uctuations in scattered light intensity due to the Brownian movement of 
the particles. The size distribution is calculated by measuring the scattered light 
fl uctuation intensity and applying a mathematical model derived from light scat-
tering and Brownian motion theory [ 89 ]. Although DLS gathers many advan-
tages, results may be biased by the presence of large particles in the sample [ 88 , 
 90 ] and also by the presence of proteins. 
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  Nanoparticle tracking analysis (NTA)   has been increasingly used to provide the 
size, concentration, and zeta potential measurements of  EVs  . Particles in a sample 
are visualized due to the light they scatter when exposed to laser light. The light 
scattered is then captured by a digital camera. The Brownian motion of each particle 
is tracked from frame to frame by a dedicated software and the rate of particle 
movement is calculated through the Stokes-Einstein equation. The technique calcu-
lates particle size on a particle-by-particle basis providing important statistical 
power.  EVs   from 30 to 1000 nm within a concentration range of 10 8 –10 9  can be 
sized and counted with relatively high sensitivity [ 91 ]. NTA circumvents one of the 
key problems associated to DLS (i.e., polydispersity) as it resolves and accurately 
measures samples featuring multiple size populations well by discriminating peaks 
of distinct size. NTA has the additional advantage of enabling vesicles to be ana-
lyzed in suspension, avoiding shrinkage and fi xation artifacts as it may occur for 
microscopy analysis. Besides, NTA can detect vesicles in a smaller size range com-
pared to conventional fl ow cytometry (∼300 nm detection limit) [ 92 ]. Fluorescent 
mode detection is also an important asset. Analysis in fl uorescence mode provides 
specifi c results for labeled  EVs  . This feature enables users to detect, analyze, and 
count only a specifi c population to which the fl uorescent marker is bound [ 91 ]. 

  Resistive pulse sensing (RPS qNano)   operates by detecting transient changes in 
the ionic current generated by the transport of particles through a nanopore into a 
nonconductive membrane which separates two fl uid cells. As the relative change in 
current is proportional to the volume of the particle crossing the pore, RPS can accu-
rately determine the diameter of EVs [ 89 ]. qNano provides quantitative analysis in 
samples whose EV size spans from 70 nm to 1 μm at concentrations from 10 5  to10 12  ml 
[ 91 ]. However, pore clogging and pore stability represent some RPS concerns [ 93 ]. 

 The size and morphology of  EVs   have been widely investigated by transmission 
 electron microscopy   (TEM)    and atomic force microscopy.  Atomic force micros-
copy   enables the investigation of EV size and morphology to be performed directly 
in suspension [ 94 ]. However, as the analysis requires surface adhesion, changes 
from spherical to hemispherical or fl at structure may mislead size and morphology 
interpretation [ 95 ]. TEM uses electrons to create an image. Considering that the 
wavelength of electrons is more than three orders of magnitude shorter than the 
wavelength of visible light, the resolution of TEM is much higher than that optical 
microscopy and it can be lower than 1 nm. However, fi xation and dehydration are 
major pre-analytical steps that may affect the size and morphology of  EVs   [ 96 ]. For 
instance, the cup-shaped morphology described for  exosomes   is now recognized as 
an artifact from pre-analytical steps [ 79 ]. Despite these artifacts, TEM is a tech-
nique of choice for analyzing EVs engineered to encapsulate nanoparticles. 
Depending on its constitution,  nanoparticles   are clearly identifi ed in TEM micro-
graphs as electron-dense spots, acting as tracers. This is the case of quantum dots, 
iron oxide, and gold nanoparticles. 

 In order to estimate  magnetic nanoparticle   loading into EVs and other nanocon-
tainers, our group designed a miniaturized straightforward experimental approach 
[ 97 ]. The setup is on a glass slide/coverslip chamber to which a microtip was inte-
grated as a magnetic attractor. The magnetophoretic velocity of EVs moving towards 
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the magnetic tip was observed with an optical microscope connected to a CCD 
camera and a computer. The quantitative analysis of magnetophoresis enabled to 
infer both the magnetophoretic velocity and the magnetic content of the nanocon-
tainers. Additionally, the nano-magnetophoresis experiment under  fl uorescence 
microscopy   provided information on the constitution of the systems, attesting the 
co-encapsulation of nanoparticles with a fl uorescent drug in the core or the 
encapsulation of magnetic nanoparticles within the membrane of EVs [ 56 ,  97 ]. 

  Flow cytometry   represents a high-throughput multi-parametric method for the 
analysis of  EVs   in terms of size, concentration, constitution, and fl uorescent drug 
loading. Flow cytometers detect scattered light and fl uorescence that are measured 
by detectors facing forward and perpendicular to the laser. Measurements are per-
formed in a hydrodynamically focused fl uid stream at a rate of hundreds or thou-
sands of events per second. Flow cytometry is the most widely used method to 
detect vesicles in clinical samples and efforts towards standardization of EV mea-
surements have been reported to palliate discrepancies in results when operating on 
different fl ow cytometer devices. For instance, Lacroix et al. on behalf of the 
International Society of Thrombosis and Haemostatic have proposed a sub- 
micrometer bead (Megamix beads; BioCytex, Marseille, France) gating strategy in 
order to defi ne EV region in a reproducible and standardized set [ 98 ]. In addition to 
result variability when using different fl ow cytometer devices, even higher variabil-
ity is obtained when comparing different characterization methods. In a compara-
tive study, vesicle concentration determination differed markedly depending on the 
used technique (RPS, NTA, or fl ow cytometry). The authors indicate that such 
divergence was imparted by the variability on the minimum detectable vesicle sizes 
of each technique. They estimated that the minimum detectable vesicle sizes were 
70–100 nm for RPS, 70–90 nm for NTA, and 270–600 nm for conventional fl ow 
cytometry [ 93 ]. Brisson’s team has recently compared EV detection by conven-
tional fl ow cytometry and  electron microscopy  . More precisely, data from cryo- 
transmission  electron microscopy   combined with receptor-specifi c gold labeling 
was confronted to fl ow cytometry data, in which the detection of  EVs   was triggered 
on the forward scatter parameter, taken into consideration EVs labeled with either 
annexin 5-Fluo or anti-CD235a-Cy5. Results showed that only 1 % of 
phosphatidylserine- exposing EVs observed by  electron microscopy   could be 
detected by conventional  fl ow cytometry   [ 23 ]. Interestingly, this group showed that 
fl ow cytometry analysis with annexin 5-fl uorescence triggering enhanced  EV   detec-
tion by a factor 55 when compared to forward scatter triggering [ 99 ]. Also using the 
fl uorescence triggering approach, our group pioneered the detection and  imaging   of 
EVs by multispectral imaging fl ow cytometry. Annexin 5-fl uorescence detection 
was combined to m-tetrahydroxyphenylchlorin (mTHPC) fl uorescence detection to 
confi rm that this drug was encapsulated into EVs [ 57 ]. 

 In addition to the above-mentioned techniques, emerging “omic”  approaches   
(proteomic, lipidomic, metabolomic, and microarray profi ling) brought along 
unprecedented advances in molecular profi ling in the attempt to decipher the roles 
of EVs [ 91 ].  Metabolomics   has opened new opportunities to provide a global view 
of metabolic mechanisms related to EVs as it enables the qualitative and quantitative 
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measurement of thousands of small molecules (<2000 Da). Metabolomic profi ling 
can be performed using different high-throughput and high-sensitivity analytical 
techniques, including gas chromatography/mass spectrometry and liquid chroma-
tography/mass spectrometry [ 100 ]. The same techniques have enabled the compre-
hensive characterization and quantifi cation of the repertoire of lipid and protein 
species present in EVs via proteomics and lipidomics [ 101 ]. 

 Despite these advances, it is important to highlight that the depth of molecular 
profi ling provided by “omic” approaches is tightly related to the purity of EVs. The 
same applies to other techniques described herein and this is also the case for protein 
dosage (mini Bradford, microBCA), which is one of the most widely used methods 
for EV quantifi cation [ 102 ].  Exosomes   are classically purifi ed from cell culture 
medium after a few days of culture. These culture media are enriched in fetal bovine 
serum at nearly 10 %. In order to avoid bovine exosome contamination, serum is 
previously depleted from its bovine-exosome content by ultracentrifugation. Even in 
these conditions, serum is highly enriched in proteins, and cell culture exosome 
purifi cation leads to purifi ed  exosomes   contaminated by proteins. Therefore, protein 
dosage may lead to an overestimation in EV quantifi cation. Indeed, most of the char-
acterization techniques are not able to distinguish EVs, and more particularly exo-
somes, from protein aggregates. In order to account for this diffi culty, Weber and 
colleagues have reported an EV purity index based on the ratio of nanovesicle counts 
to protein concentration (number of particles by NTA)/micrograms of proteins by 
Bradford assay). This ratio is well correlated with the exosome purifi cation steps as 
the purer the preparation, the higher the ratio. It is important to mention that physical 
 production   methods may enable EV production at high yield, but vesicle purity may 
be a main concern. For instance, authors report the use of nano-blades for obtaining 
1.5 × 10 10  vesicles per million cells, corresponding to 20 μg of protein [ 53 ]. In this 
case, we can compute a purity ratio of 7.5 × 10 8 , corresponding to an impure prepara-
tion. Therefore, such purity ratio is expected to assist in EV quality control and may 
be quite useful when comparing or standardizing vesicle purity [ 103 ].  

7      Engineering Vesicles   for Imaging: Biodistribution 
Investigation 

 EV engineering with image tracers is expected to provide important data about the 
traffi cking of  EVs   in the organism. This represents a unique opportunity to gain insights 
into the biodistribution of EVs in vivo in the attempt to decipher their complex inter-
play with different recipient cells both in homeostasis and disease. Willekens and 
colleagues investigated the fate of  51 Cr-labeled erythrocyte vesicles once injected in 
rats [ 74 ]. It was observed that 80 % of the radioactivity was cleared from the circulation 
within 5 min, with simultaneous uptake by the liver at 55 %. Liver uptake could be 
inhibited by preinjection of polyinosinic acid and phosphatidylserine, which are scav-
enger-receptor ligands. These results suggested that erythrocyte vesicles are eliminated 
by Kupffer cells from the liver via an interaction mediated by the scavenger-receptor. 
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 Our group was the fi rst to propose MR imaging to investigate the  biodistribution   
and clearance kinetics of  EVs   in mice [ 104 ]. Endothelial cells were fi rst labeled with 
iron oxide  nanoparticles   and then stressed by serum deprivation to release magneti-
cally labeled EVs. The labeled EVs were injected by IV to mice at a concentration 
similar to the naturally circulating EV concentration. The biodistribution of endo-
thelial cell-derived EVs was different from that of the iron oxide injected alone. EVs 
were mostly trapped in the spleen within 5 min after injection and to a lesser con-
centration in liver in contrast to free iron oxide. The clearance of magnetic label 
from these organs was also faster when loaded within  EVs  .  Fluorescently   labeled 
EVs were used to assess the relative EV uptake in different immune cell types in 
spleen, liver, blood, and lung, by  fl ow cytometry  .  Macrophages   and monocytes were 
the cells that internalized the highest amount of endothelial cell-EVs (Fig.  4 ).

   In a quite complete study, Wiklander and colleagues [ 59 ] investigated the infl uence 
of the route of administration and cell type of origin on the biodistribution of fl uores-
cently labeled EVs. Biodistribution data is summarized in Table  1 .  Biodistribution   kinet-
ics was also assessed. Slight biodistribution variation was observed as a function of the 
time from 5 min post-injection to 48 h. The most noticeable changes were observed for 
the lungs (20 % of signal detection to 7 % from 5 to 30 min), as well as for pancreas and 
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  Fig. 4     In vivo monitoring of EV   distribution. ( a ) Magnetically labeled EVs were derived from 
endothelial cells after endocytosis of iron oxide nanoparticles and starvation. The  nanoparticles   
within EVs are indicated by arrows on TEM micrographs. ( b ) MRI images of spleen, liver, and 
lung before and 5 min after IV injection of magnetically labeled endothelial EVs (EMP) or free 
iron oxide nanoparticles. ( c ) MRI contrast-to-noise ratio in the different organs after injection of 
EVs. ( d ) Percentage of fl uorescent cells in organs 5 min after injection of endothelial EVs labeled 
with CFSE fl uorescent dye (adapted for Rautou et al., Radiology, 2012 [ 104 ]       
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gastrointestinal tract (2 % of signal detection to 20 % in 48 h). The dose injected was also 
an important investigated parameter. Relative liver accumulation decreased when EV 
administration dose increased, probably due to mononuclear phagocyte system satura-
tion resulting in more effective liver bypass at higher doses [ 59 ].

   The biodistribution of  MSC  -derived EVs was investigated in a murine acute kidney 
injury model. At a 24-h time point,  EVs   were found to locate mainly in the liver, the 
spleen, and the injured kidney, being present only at a low concentration in the lung. 
Experiments performed with healthy mice indicated very low EV presence in the 
kidney, suggesting that kidney targeting was enhanced in acute kidney injury [ 105 ]. 

 In another study, the biodistribution of HEK293 EVs was investigated by tracking 
a multimodal reporter combining both fl uorescence and bioluminescence in nude 
mice bearing heterotopic Gli36 tumor. Most of the signal was located in the liver, 
spleen, lung, and kidney. In order to investigate signal retention, EV-injected animals 
were perfused with PBS transcardially before organs/muscle were collected at dif-
ferent time points. It was found that the perfused spleen showed minimal EV  signal  , 
suggesting that EVs were not effi ciently taken up despite the high amount of EVs 
present in blood passing through this highly vascularized organ. After perfusion, EV 
signal was highly present in liver correlating with a described renal and hepatic 
elimination, with a peak fl uorescent signal in the urine at 60 min post- injection [ 106 ].  

8      Engineering Vesicles      for Therapy and Theranosis 

 Most of the drug delivery systems currently used in clinical practice are chemi-
cally synthesized using lipids with  liposomes   representing the vector of choice 
[ 107 ,  108 ]. In spite of the remarkable advances in the design of synthetic drug 
carriers, there is an increasing recognition that natural carriers feature highly 
desired attributes of drug delivery vehicles [ 109 ].  EVs   are one of the most immi-
nent examples. Indeed, EVs represent the most physiological carrier choice con-
sidering their natural role as conveyors of biological cargoes and mediators of 
information transfer between cells. The endogenous origin of EVs is a remark-
able advantage compared to synthetic nanocarriers, conferring them natural 
blood stability and natural targeting properties [ 110 ,  111 ]. In addition to their 
natural intrinsic properties, EVs have the plasticity to be engineered to display 
 exogenous imaging   and therapeutic properties. However, a main challenge in 
designing EVs for therapeutic purposes is whether the  production   may be scal-
able or reproducible. Indeed, vesicle yield will directly impact the fi nal produc-
tion cost. In this respect, the choice of parental cells is critical [ 112 ]. For example, 
 MSCs   were found to produce large amounts of  exosomes   compared to other cell 
lines, suggesting that they may be promising candidates considering a production 
in a clinically applicable scale [ 39 ]. MSC EVs may also feature natural targeting 
properties inherited from their parent cells that may confer favorable homing to 
tumor sites. Another important point is that the parent cell should produce EVs 
devoid of immunological stimulation to prevent infl ammatory responses, while 
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also being stable in the circulation to enable cargo delivery. In this respect, MSC 
and immature dendritic cells have favorable properties justifying them to be 
considered as eligible parent cells [ 113 ]. 

 EVs from dendritic  cells      or other cell types have demonstrated encouraging 
therapeutic potential. For instance, doxorubicin-loaded  exosomes   from dendritic 
cells enabled drug delivery and inhibited tumor growth in mice. In this study, mouse 
immature dendritic cells were used to produce exosomes loaded with doxorubicin 
featuring Lamp2b fused to targeting RGD peptide. Targeting effi ciency was demon-
strated and a remarkable cytotoxic effect was observed in vivo in an orthotopic 
mammary tumor model [ 114 ]. In a related study, doxorubicin-loaded exosomes 
from Raw264.7 cells were produced and tested in an ectopic mouse colon adenocar-
cinoma model. Interestingly, in vivo experiments showed that these exosomes 
reduced tumor growth without the adverse effects observed for the free drug. 
Furthermore, compared with commercial doxorubicin-loaded liposomes (Doxil), 
exosomes presented a more effi cient tumor growth reduction [ 51 ]. Curcumin also 
represents an important example of a small therapeutic molecule encapsulated in 
 EVs   with successful therapeutic results in vivo. Curcumin-loaded  exosomes      suc-
ceeded in delivering their drug cargo to microglia cells in a lipopolysaccharide- 
induced brain infl ammation model in mice. Following intranasal route administration, 
 exosomes   located in the brain within 1 h via a transport along the olfactory pathway 
likely involving extracellular fl ow along perineuronal and/or perivascular channels 
for direct delivery to the brain parenchyma. Results showed that mice treated with 
curcumin-loaded exosomes were protected from brain infl ammation [ 70 ]. The 
potential of exosomes to deliver curcumin to colon cancer is now under clinical 
investigation (clinical trial no. NCT01294072). In this clinical trial, plant-derived 
exosomes loaded with curcumin will be administered orally to colorectal cancer 
patients. The choice of vegetal exosomes was oriented by the need of EV  produc-
tion   in suffi cient amount for therapeutic application in the clinical setting [ 112 ]. 

 In addition to small molecules, macromolecules could also be tested for 
EV-mediated  therapy  . For instance, catalase-loaded  exosomes   were investigated for 
the management of  Parkinson’s disease   in a murine model in order to inactivate 
reactive oxygen species that play a detrimental pathological role. Exosomes could 
be readily internalized by neuronal cells in vitro. Considering in vivo experiments, 
a considerable amount of exosomes was detected in the mouse brain following 
intranasal administration. Catalase-loaded exosomes provided signifi cant neuropro-
tective effects increasing neuronal survival in a mouse model of Parkinson’s dis-
ease. Interestingly, catalase alone did not decrease infl ammation in mice, indicating 
that exosomes protected catalase against protease degradation [ 77 ]. 

 Many studies focused on the transfer of interfering RNAs mediated by  EVs  . For 
instance,  exosomes   loaded with tumor-suppressor let-7a miRNA could be success-
fully taken up by tumor cells in vivo and were found to inhibit tumor development 
in a human breast cancer model [ 61 ]. Katakowski and colleagues engineered  MSCs   
with a miR-146b, an anti-glioma miRNA cargo. Following an intra-tumoral injec-
tion, exosomes were found to reduce glioma xenograft growth in an orthotopic rat 
model of brain tumor [ 115 ]. In an elegant study, Mizrak and colleagues reported the 

M. Piffoux et al.



61

design of EVs carrying the suicide mRNA/protein for cytosine deaminase fused 
with uracil phosphoribosyltransferase, which is a potent prodrug activator. The 
approach was combined with a systemic treatment with the prodrug (5- fl uorocytosine). 
In this strategy, when cancer cells take up  EVs   and the prodrug, cytosine deaminase 
converts 5-fl uorocytosine to 5-fl uorouracil (5-FU), which is further converted by the 
fused uracil phosphoribosyltransferase to the highly toxic 5-fl uoro-deoxyuridine 
monophosphate (5-FdUMP). Tumor growth was completely inhibited in most of the 
treated mice bearing an orthotopic sciatic nerve tumor model [ 62 ]. 

 Our group reported the fi rst success in the design of theranostic  EVs  . We designed 
different hybrid EVs from endothelial cells: magnetic, magnetic-fl uorescent, and 
magnetic-metallic vesicles, either single component or multicomponent, combining 
the advantageous properties of each integrant particle. These hybrid vesicles were 
able to generate heat when submitted to an alternating magnetic fi eld and could be 
monitored by fl uorescence imaging or MRI [ 55 ]. Although in vivo experiments 
were not carried out for these nanoparticle-loaded vesicles, the obtained data dem-
onstrated their potential for image-guided magnetic hyperthermia. 

 In addition to theranostic EVs containing only  nanoparticles  , we also designed 
drug/nanoparticle-loaded EVs from THP1 macrophages and we investigated their tar-
geting potential in vitro. Using photosensitizer-loaded magnetic vesicles, it was shown 
that EV uptake by cancer cells could be spatially controlled under magnetic fi eld. 
Magnetic targeting could be attested by investigating the spatial distribution of differ-
ent components of these  EVs  : membrane, drug cargo, and iron oxide  nanoparticles. A 
magnetic targeting effect was demonstrated via anisotropic drug uptake and also by 
subsequent anisotropic cell death. Targeting could be confi rmed at the macroscopic 
level by MRI, while further proof at the subcellular scale was provided by  electron 
microscopy   [ 56 ]. In addition to the  in vitro   investigation, the theranostic potential of 
these photosensitizer-loaded magnetic EVs was tested in vivo in a murine tumor model. 
Vesicles could be tracked in vivo by dual-mode imaging, combining optical imaging 
and MRI. The engineered  EVs   were found to induce an effi cient photodynamic action, 
as evidenced by tumor growth curves and histological analysis (Fig.  5 ) [ 57 ].

9        Conclusions 

  EVs   are multifaceted subcellular entities whose engineering holds great promises for 
 EV   imaging and EV-mediated  therapy  . Despite the extensive progress in the fi eld, there 
is a long road until clinical translation. Main challenges include the development of 
robust and reproducible methods for EV  production   and isolation in a scale-up perspec-
tive. Other important issues to be further addressed are the choice of EV parent cell and 
the  loading   method in order to enable cargo encapsulation at high yield. Although 
much information is now available on EV biodistribution and EV-mediated therapy, 
researchers must be aware of potential biases in the imaging or therapeutic effects of 
the cargo alone (devoid of EV membrane). Therefore, special attention should be 
focused to thoroughly characterize the engineered EV to investigate systematically 
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endogenous and exogenous properties while ensuring an accurate quality control. Until 
now, studies provide the foundation of EV engineering for imaging or therapy pur-
poses. Our ability to customize  EVs   to deliver nanoparticles, proteins, nucleic acid, and 
drugs is rapidly growing. Future investigations may afford an ultimate proof to ensure 
the safety and effi cacy of EVs loaded with exogenous cargo, including rigorous pharma-
cokinetic and toxicological studies. Future advances are expected to overcome current 
challenges in the fi eld and progress engineered EVs to the clinical practice.     

  Fig. 5     Theranosome dual-mode imaging   in vitro and in vivo and theranosome-mediated therapeu-
tic effect in vivo. ( a ) False-color images of fl uorescence emission from nude mice bearing TC-1 
tumor before and after theranosome or m-THPC intratumoral injection, as a function of time. 
( b ) MRI scans of TC-1 tumors 48 h after PBS intra-tumoral injection (control group) or 48 h after 
theranosome intra-tumoral injection. ( c ) Tumor growth curves (tumor volume is normalized to day 
0) for mice intra-tumorally injected with theranosomes (25 μM m-THPC concentration) or 
m-THPC (25 μM) both followed by light exposure ( λ  = 630 nm − 30 J/cm 2 : 77 mW/cm 2  for 390 s) 
20 h later, compared with untreated control. All error bars refl ect the SEM ( n  = 5). * and ** indicate 
 P  < 0.05 and  P  < 0.01, respectively, versus untreated control (no injection of therapeutic agent, no 
light exposure) at day 7. Adapted with permission from Magnetic and Photoresponsive 
Theranosomes: Silva A. K. et al. Translating Cell-Released Vesicles into Smart Nanovectors for 
Cancer Therapy. ACS Nano, 7 (6), pp 4954–4966, 2013. Copyright 2015 from American Chemical 
Society       
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1          Unmet Biomedical Imaging Needs 

 The development of new clinical diagnosis and treatments, including safe  ww , cancer 
diagnosis, and treatments, and stem cell-based therapies, requires quantitative, nonin-
vasive in vivo imaging methods that can quantitatively assess the physiology and 
etiology of diseased tissues anywhere in the body. Ideally researchers would need the 
ability to perform dozens of serial scans over a period of several months. 

 Unfortunately, we currently lack an ideal in vivo imaging modality for many 
clinical and preclinical applications. Figure  1  compares several common preclinical 
imaging methods such as optical imaging, T 2 *-MRI, and computed tomography 
(CT) to magnetic particle imaging ( MPI)     , a new imaging technique which we 
describe in this chapter. As can be seen in the fi gure, optical imaging techniques are 
superb near the skin, but optical absorption and scatter restrict these methods to 
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shallow depths. Also, many optical imaging methods rely on genetic editing (e.g., 
GFP), which is not clinically translatable [ 1 ]. Nuclear medicine methods are exqui-
sitely sensitive for radiotracers, but are fundamentally limited by short tracer half- 
life and radioactive dose. For  stem cell tracking   applications, T 2 *-MRI can detect 
even a single labeled cell when the SPIO-labeled cells are visualized against a uni-
form background of long-T 2  tissues. However, T 2 *-MRI offers only “ negative con-
trast ,” which can fail in regions of the body adjacent to tissues with naturally low 
signal, such as regions near the lungs, tendon, or bone (see Fig.  1c ).

   Unlike other techniques, MPI directly images the magnetization of  SPIO trac-
ers  , so the MPI signal is not affected by any biological tissue. No biological tis-
sue contains a magnetic signature similar to that of SPIOs, and hence there is no 
tissue background signal in MPI, akin to nuclear medicine techniques and fl uo-
rine MRI. Moreover, the low-frequency magnetic fi elds used in MPI are com-
pletely transparent through biological tissue, enabling imaging of deep anatomic 

  Fig. 1    MPI for high-contrast  tracer imaging  . ( a ) MPI scans with/CT overlay of two SPIO vials (at 
1 and 2.8 mm deep) shows no signal change with depth. ( b ) Fluorescent scan of two implanted 
fl uorescent probes at the same depths as ( a ) shows a dramatic signal loss with depth. ( c ) MRI 
(7T T 2 *) images of two SPIO vials from ( a ). SPIOs induce areas with loss of signal, which are 
diffi cult to distinguish from naturally dark tissues such as air in the lungs or tendons. ( d ) MPI/CT 
overlay of IV injected stem cells trapped in the lungs on day 1, ( e ) with redistribution to and clear-
ance from the liver on day 12       
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structures. These properties, combined with the linear quantitation in MPI for 
SPIO tracers and the safety of both the  SPIO    tracer      and the nonionizing MPI 
scanning technique, make MPI ideal for a variety of sensitive clinical molecular 
imaging applications.  

2     Introduction to Magnetic Particle  Imaging   

 MPI was originally developed by Bernhard Gleich and Juergen Weizenecker at 
Philips Research in Hamburg [ 2 ]. The fi eld of MPI research is rapidly expanding, 
and current efforts in MPI development are in progress both in industry at Philips 
research [ 2 – 6 ], Bruker [ 7 ], Lodespin Labs [ 8 ,  9 ], and Magnetic Insight [ 10 ], as well 
as in academia at UC Berkeley [ 11 – 22 ], University of Lubeck [ 23 – 25 ], Bilkent 
University [ 26 ], Physikalisch-Technische Bundesanstalt and Charité- 
Universitätsmedizin Berlin [ 27 ,  28 ], TU Braunschweig [ 29 ,  30 ], University of 
Wuerzburg [ 31 ], Osaka University [ 32 ,  33 ], University of Washington [ 9 ,  34 – 39 ], 
Harvard Massachusetts General Hospital, Case Western Reserve University [ 40 ], 
Johns Hopkins University [ 41 ], University of Twente [ 42 ,  43 ], Dartmouth University 
[ 44 ,  45 ], and TU Hamburg-Harburg [ 46 ,  47 ], among many others. 

 Since its development, MPI has shown promise for a variety of medical imaging 
applications, such as  angiography   and blood pool imaging [ 2 – 4 ,  11 ,  14 – 16 ,  21 ], 
cancer imaging [ 16 ], perfusion imaging, and  stem cell tracking   [ 13 ,  20 ,  41 ]. In MPI, 
we use  SPIO tracers   (also used in T 2 *-MRI), but MPI scans  cannot  be obtained with 
an MRI scanner; the MPI hardware is completely  distinct  . 

2.1     MPI  Trade-Offs   

 MPI visualizes  SPIO tracers   by direct induction, so the MPI signal scales exactly 
linearly with the number of SPIOs in the imaging volume, meaning MPI is a 
“hotspot” imaging technique without background signal, similar to nuclear medicine 
techniques. For  stem cell tracking  , MPI provides quantitative cell counts anywhere 
in the body for up to months in the same animal [ 13 ]. Unlike optical imaging, ultra-
sound, X-ray, and other imaging methods, the MPI  magnetic signal   suffers zero 
attenuation with depth and there is no MPI signal from background tissues. The MPI 
signal also has excellent mass sensitivity because MPI detects the intense  electronic  
magnetization of an SPIO, which is 22 million times more intense than the  nuclear  
paramagnetism of water in 7T MRI. Hence, our prototype MPI scanner can detect 
even 2 nanograms of SPIOs within a single voxel. Theoretically, this translates to 
roughly 200 nanomolar concentration of iron, or to 200 cells with in vivo scans in 
state-of-the-art MPI scanners. Hence, the contrast and sensitivity of MPI rival nuclear 
medicine techniques like PET and SPECT without concerns about radiation dose or 
“half-life” constraints. Indeed, a few SPIO formulations have previously been 
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approved by EU and FDA as diagnostic agents. MPI uses no ionizing radiation, and 
it can operate within the human magnetic safety limits so human translation will 
soon be feasible. Current disadvantages of MPI include relatively poor spatial reso-
lution (roughly 1 mm in a mouse), and the lack of anatomical information implying 
that it cannot be used as a single imaging modality alone. Recently, a commercial 
murine MPI scanner was released in Germany (Bruker), and a preclinical scanner is 
in development at Magnetic Insight (California). A start-up in Seattle ( LodeSpin 
Labs  ) has been formed around the synthesis of MPI-tailored SPIOs.  

2.2     How MPI Works 

 The physics governing  MPI   is completely different from MRI, and it is not possible 
to perform MPI with an MRI scanner or vice versa. An overview of the physics, 
hardware, and reconstruction theory of MPI can be found in references [ 2 – 4 ,  11 ,  12 , 
 14 – 17 ,  21 ,  48 ]. The SPIO tracers used in MPI obey steady-state Langevin physics 
as shown in Fig.  2 . They achieve steady-state alignment shown here with applied 
fi elds in tens of microseconds. MPI scanners employ a strong gradient fi eld to force 
all SPIOs outside of the gradient fi eld origin, called the  fi eld-free point (FFP)  , to be 
saturated. Saturated SPIOs induce no signal in the MPI inductive receiver coil 
because they are static.

  Fig. 2     Langevin theory   describes the steady-state magnetization of an ensemble of SPIOs. ( Top ) 
SPIOs magnetize and quickly fully align, or saturate, in the presence of applied magnetic fi elds. 
( Bottom ) We observe the SPIO density after it is blurred (or convolved) with the MPI point spread 
function (PSF), which is the derivative of the Langevin function       
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   All MPI scanners today scan the FFP across the FOV at roughly 25 kHz to create 
an MP image, as illustrated in Fig.  3 . The SPIOs fl ip their orientation when the FFP 
sweeps past their location. The fl ip of even 2 nanograms of SPIOs in a voxel induces 
a detectable signal in a receiver coil. Importantly, the induced signal is linearly pro-
portional to the SPIO mass at each location in space. Hence, the time axis of the MPI 
induction signal maps directly to spatial location in the SPIO image. This is the intu-
ition behind the x-space MPI reconstruction algorithm [ 11 ,  12 ,  14 – 17 ,  48 ]. 
Multidimensional MPI is a simple extension of the 1D imaging process. Movement 
of the FFP in 3D is implemented by dynamically driving three spatially homogeneous 
“slow shift fi eld” coils, one aligned with each direction ( x, y, z ). This effectively scans 
the FFP, or  fi eld-free line (FFL)  , in two or three dimensions, as  shown   in Fig.  4 .

2.3         The  Direct Feed-Through Challenge   

 Unfortunately, all MPI scanners must deal with a crucial technical challenge. The 
received MPI signal occurs at the same time as the drive fi eld, which can be orders 
of magnitude stronger in amplitude. Hence, the receive coil picks up a massive 
interference from the time-varying drive fi elds. Fortunately, this direct 

  Fig. 3    In MPI, we raster a gradient fi eld across the fi eld of view, typically at 25 kHz. This is illus-
trated here in 1D but the principle is the same in multiple dimensions. Any SPIOs near the instan-
taneous FFP (or FFL) are fl ipped, inducing a voltage in the pickup coil that is linearly proportional 
to the mass of SPIOs at the FFP (or FFL) location. This allows for fast and robust x-space image 
reconstruction       
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feed-through interference is localized (mostly) at the drive frequency, typically 
25 kHz, by meticulous design of the transmit power electronics to ensure a low 
total harmonic distortion at 10–100 ppm. Hence, while the MPI signal is not con-
taminated by direct feed-through at higher harmonics, the signal at the fundamen-
tal frequency is swamped with direct feed-through interference. As a result, all 
MPI scanners reject the direct feed-through using a sharp passive fi lter, with more 
than 30,000-fold suppression. Unfortunately, this fi lter also removes the fi rst har-
monic content of the SPIO signal. The MPI image reconstruction challenge is to 
reconstruct a high- quality SPIO image using only the SPIO signal derived from 
higher harmonics of the 25 kHz drive frequency. 

 Both the system matrix reconstruction approach, advanced by Philips, and the 
x-space reconstruction approach, developed by UC Berkeley, have shown that the 
lost fi rst harmonic information corresponded precisely to the average (baseline or 
DC) signal in a partial imaging volume [ 4 ,  11 ]. Hence, it is possible to design a 
robust image reconstruction algorithm that restores the lost DC information using 
excitation trajectories with overlapping partial imaging volumes, or fi eld of views 

  Fig. 4    Illustration of our 
prototype  FFL scanner   and 
2D MPI scanning process. 
Three superposed magnets 
(fi eld-shifting magnets, 
gradient magnets, and 
transmit magnet) produce 
and translate a magnetic 
 fi eld-free line (FFL)   across 
an imaging volume. As the 
FFL is rastered across a 
distribution of SPIO 
particles using a spatial 
imaging trajectory, the 
particle ensemble 
magnetization changes in 
magnitude and orientation 
in response. The changing 
particle magnetization is 
detected via a detector coil 
and reconstructed to form 
an image       
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(pFOV). These are then stitched together using a fast continuity algorithm [ 11 ], 
which is demonstrated in Fig.  5 . Importantly, Lu et al. and Zheng et al. proved 
experimentally and theoretically that MPI is a linear and shift invariant imaging 
system after the lost baseline information is restored [ 11 ,  13 ]. Several studies have 
also proven that the fundamental 1D  point spread function (PSF)   of  MPI   is simply a 
scaled version of the derivative of the SPIO’s Langevin function, as shown in Fig.  2  
[ 14 ,  15 ,  17 ]. Below we  summarize   the fundamental properties of MP images:  con-
trast, sensitivity, and resolution .

2.4        MPI  Signal Is Independent of Depth   

 Unlike in optical or ultrasound imaging, biological tissue does not attenuate the 
MPI signal. There is also no signal from living tissue in MPI as demonstrated 
experimentally in Fig.  6 . This makes MPI uniquely suitable for linearly quantita-
tive and radiation-free cell tracking at any depth in vivo.

  Fig. 5    Illustration of the 
x-space MPI DC recovery 
algorithm [ 11 ]. 
Overlapping partial FOVs 
lose all local baseline 
information due to the 
direct feed-through 
rejection fi lter. Using the  a 
priori  information that the 
MPI distribution is smooth, 
this continuity algorithm 
recovers the lost 
information to reconstruct 
a smooth 1D image       
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2.5        MPI  Sensitivity Is Linear, Robust, and Ideal   

 As shown in Fig.  7 , the MPI image intensity signal scales linearly with the mass of 
SPIO particles at each pixel due to the linearity and shift invariance properties of 
MPI. Therefore, the MPI signal is perfectly linear and quantitative with cell count. 
MPI directly detects the SPIO electronic magnetization, which is 22 million times 
more intense than the nuclear paramagnetism imaged in 7 T high-fi eld MRI. Direct 
detection of  SPIO tracers   enables “ hotspot imaging” in MPI   as opposed to the “neg-
ative contrast” when the same SPIOs are used in T 2 *-MRI. We have experimentally 
demonstrated a linear detection limit of 200 labeled cells in vitro [ 13 ], with poten-
tial for signifi cant further improvement. This linear sensitivity is superior to all 
other imaging modalities, the detection limits of which are compared in [ 1 ].

   Importantly, although SPIOs respond nonlinearly to the applied magnetic fi eld, 
the MPI signal induced from the rotating SPIOs in the receiver coil is perfectly 
linear with respect to the mass of SPIOs. Hence, there is absolutely no saturation 
of the MPI signal at higher cell counts. The details of the linearity and shift invari-
ance of MPI are shown in [ 11 ,  14 ].  

2.6     MPI  Resolution   

 The fundamental spatial resolution of MPI depends only on the saturation charac-
teristics of the SPIO particles and the strength of the magnetic gradient. Doubling 
the gradient strength improves resolution by twofold in every dimension. Currently 

Helical Phantom Helical Phantom with Tissue

Projection Reconstruction Image

8.0 cm
a

b
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8 
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Projection Reconstruction Image

  Fig. 6    MPI scans of a helical  phantom   ( left ) and a helical phantom embedded in animal tissue ( right ). 
This comparison makes clear that tissue creates no MPI signal and does not attenuate the image       
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available SPIOs saturate at roughly plus or minus 3 mT, which translates to a spa-
tial resolution of roughly 1 mm in a 6T/m gradient fi eld. While this resolution is 
comparable to preclinical nuclear medicine, it is not yet competitive with CT or 
MRI small-animal imaging. To improve MPI’s spatial resolution we and others 
have studied SPIOs with varying core diameters, since Langevin physics predicts 
a cubic resolution improvement with increasing SPIO core size. This has produced 
exciting results effectively reducing the FWHM resolution by a factor of two over 
Resovist [ 8 ]. Unfortunately, researchers have noted that improvements beyond 
roughly 25 nm core diameter seem to be limited, perhaps due to relaxation-induced 
blurring [ 18 ,  19 ]. This area remains a major active research area for tailoring 
nanoparticles to improve MPI performance.  

2.7     Prototype Preclinical MPI  Scanners   

 All of the imaging data shown in this chapter are obtained from the two scanners 
shown in Fig.  8 . The top shows our 2.4,T/m  FFL scanner  , which allowed us to per-
form fast projection imaging as well as 3D projection reconstruction imaging, 
which is similar in scanning and reconstruction to X-ray computed tomography [ 48 , 
 49 ]. Because we synthesize the 3D images from  N  projections, this volumetric 
imaging method improves image SNR by the square root of N over standard FFP 
imaging. We employed both the x-space reconstruction algorithm and the fi ltered 
back projection algorithm to reconstruct these images. The bottom scanner is our 
7T/m FFP MPI scanner, which has produced some of the highest spatial resolution 
MP images reported thus far.
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  Fig. 7    ( Left ) Graph of MPI signal vs. number of labeled hESC-derived cells. The MPI signal is 
linear and quantitative ( R  2  = 0.994). ( Right ) MPI of phantom of six SPIO-labeled cell populations 
ranging from 0.4 million to 1.6 million cells, with full image intensity scale at 2.4 μg Fe/mm 2  cor-
responding to the 1.6 million cell pellet       
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3         Clinical and Preclinical Applications of Magnetic Particle 
Imaging 

3.1     Long-Term MPI  Tracking of Neural Progenitor Cells   

 Recently, multiple initial studies have shown the successful use of MPI for 
tracking SPIO-labeled stem cells in vivo .  Our group has demonstrated that MPI 
offers signifi cant advantages for safe robust, noninvasive, long-term, and quan-
titative  stem cell tracking   [ 13 ,  20 ]. Others have shown that neural and mesen-
chymal stem cells implanted in mice can be detected as “hot spots” in a 
quantitative fashion as well [ 41 ]. In our fi rst experiment [ 13 ], we tracked  neural 
progenitor cell (NPC)   grafts in the rodent brain using MPI. NPCs have shown 
regenerative properties for a variety of diseases, including Parkinson's disease, 
epilepsy, and ischemia [ 50 – 52 ]. 

 In this study, we used MPI to image SPIO-labeled (Resovist) neural progeni-
tor cell implants over an 87-day period. Our MP images (Fig.  9 ) show high image 
contrast and a persistent, quantifi able NPC signal throughout the 87-day dura-
tion of the study. Moreover, we were able to quantify the decay and clearance of 
the NPC grafts over time (Fig.  10 ), including the rapid loss of cells that were 
cleared by ventricular circulation, as validated via immunohistology and post-
mortem MRI [ 13 ]. The results from this study indicate that MPI is useful for 
long-term cell tracking studies.

  Fig. 8    Photos of two of our prototype MPI scanners. These scanners were used to acquire all of 
the MP images in this chapter. ( a ) 2.4T/m  fi eld-free line (FFL)   scanner, able to perform magnetic 
computed tomography (akin to X-ray CT), or fast projection imaging. ( b ) High-gradient 7T/m 
fi eld-free point (FFP) scanner       
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3.2            Dynamic, Systemic Stem Cell Tracking 

 Next, we evaluated MPI for dynamic monitoring of systemically administered cells, 
e.g., as  mesenchymal stem cells (MSCs)   [ 20 ]. MSCs are of particular therapeutic 
interest because they can control infl ammation and modify the proliferation and 
cytokine production of immune cells [ 53 ]. MSC-based therapies have shown prom-
ise for treating diseases such as stroke, graft-versus-host disease, myocardial infarc-
tion, traumatic brain injury, and cancer [ 53 ,  54 ]. 

 Intravenous injections are sometimes used to deliver MSCs in both animal models 
and clinical trials [ 55 ,  56 ]. However, it remains diffi cult to noninvasively monitor the 

  Fig. 9    Longitudinal MPI  tracking of neural progenitor grafts   from 10 to 87 days post- implantation. 
Labeled cells were implanted in the forebrain cortex (animals 1–2) and near-lateral ventricle (ani-
mal 3). Animal 4 shows injection of the SPIO tracer without cells, which quickly cleared from the 
body, as negative control       
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delivery and biodistribution of administered cells into target organs [ 55 ,  57 ]. Recent 
studies have suggested that more than 80 % of MSCs are entrapped in pulmonary 
vasculature following intravenous injection [ 53 ,  57 – 60 ]. In this study, we demon-
strated the fi rst use of MPI to quantitatively track systemically administered MSCs, 
with CT coregistration. We intravenously administered SPIO-labeled MSCs in rats 
and monitored the dynamic distribution of MSCs with MPI over 12 days (Fig.  11 ).

   Similar to previous studies that did not employ MPI [ 53 ,  58 – 61 ], our MPI stud-
ies indicated a rapid traffi cking of intravenously injected MSCs to lung tissue, 
followed by clearance through the liver and spleen (Fig.  12 ). Our measurements 
were compared to gold standard ICP data, which showed excellent agreement 
( R  2  = 0.943). Hence, this MPI  stem cell tracking      study indicates that MPI could be 
highly useful for whole-body tracking of the biodistribution and clearance of stem 
cell therapies in real time.

3.3        MPI  Angiography Enabled by Advanced Image 
Reconstruction   

 Iron oxides are metabolized through the liver [ 35 ,  62 ] and are not excreted by kidneys 
like gadolinium or iodine which are commonly used in MRI and X-ray studies. The 
latter agents are contraindicated for patients with damaged kidney function, includ-
ing  chronic kidney disease (CKD)  .  Ferumoxytol   is an USPIO iron supplement pre-
scribed for certain types of CKD patients [ 63 ]. Hence, the use of CKD-safe iron 
oxides with MPI may present less risk for  angiography   and blood pool imaging in 
those patient populations. 

 X-ray fl uoroscopy is a standard projection-imaging technique for  angiography   
that exhibits both excellent spatial resolution and fast temporal resolution. Similar 
to X-ray fl uoroscopy, projection-format MP imaging can be implemented using a 

  Fig. 10    MPI  quantitative tracking 
of NPC neural implants in rats   over 
87 days. Total iron MPI estimates 
for  in vivo  cell grafts are plotted as 
a function of time using an expo-
nential fi t       
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FFL magnetic architecture, which allows for rapidly acquired, 2D projection MPI as 
well as 3D magnetic computed tomography (via fi ltered back projection 
reconstruction) images. Figure  13  shows a phantom 3D projection reconstruction 
scan of a spiral phantom, as well as a 3D FFP scan of an  angiography   phantom [ 10 ].

   Another major challenge for MPI  angiography   applications is the anisotropic, hazy 
nature of native MPI (seen in Fig.  14 ) [ 15 ]. Previously, it was shown that MPI is linear 
and shift invariant [ 11 ], but the 3D native MPI PSF is asymmetric; that is, the PSF is 
wider in directions orthogonal to the scan direction. Recently, we proved that adding 

  Fig. 11    MPI-CT imaging of intravenously injected MSCs. MPI shows immediate entrapment of 
intravenous MSC injections in the lungs ( a ), and redistribution to the liver by day 12 ( b ). SPIO- 
only injections are immediately redistributed to the liver ( c ), while saline injections show no 
detectable signal ( d )       
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  Fig. 12    ( a ) MPI monitoring of MSC clearance in liver from 1 to 12 days post-injection. ( b ) In vivo 
MPI measurements of MSC clearance from liver (time constant = 4.6 days)       

  Fig. 13    3D MPI  data using magnetic computed tomography  . ( a ) Photograph of a spiral phantom 
and ( b ) 3D image using our FFL MPI scanner. ( c ) MPI of a 3D coronary artery phantom obtained 
with our FFP scanner and matrix-free optimized reconstruction       
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  Fig. 14    MPI  reconstruction advances  . ( a ) Coronary artery SPIO phantom. ( b ) MP imaging along 
the  z -direction shows asymmetric blur and image haze, arising from SPIO Langevin physics. ( c ) 
Combining  y - and  z -scans achieves isotropic resolution, and the additional use of an equalization 
fi lter sharpens MPI with minimal SNR loss       

an orthogonal drive fi eld and using a fast image reconstruction  algorithm are suffi cient 
to achieve isotropic resolution in MPI, from just two acquisitions, shown in Fig.  15 . 
Further, MPI’s PSF in 2D and 3D also has “long tails,” which is clear from  Langevin 
theory   applied to higher dimensions and makes MP images appear hazy [ 15 ]. It is 
feasible to remove this haze, by compensating for the over-sampled density at lower 
spatial frequencies. The results are shown in Fig.  15 . Most important, this improve-
ment comes with only a minor loss of signal (<40 %) and zero noise gain.

    Fast imaging applications such as  angiography   demand rapid scanning and 
image reconstruction times. Our fi rst 3D x-space image reconstruction algorithms, 

  Fig. 15    MPI blood volume imag-
ing in the rat  brain  . A 3D FFP image 
was acquired following injection of 
MPI-tailored SPIO particles (LS-
008) [ 8 ]. Shown is a maximum 
intensity projection. Major blood 
vessels in the brain and head can be 
discerned, and the blood volume 
within capillaries is also apprecia-
ble, which is manifested as a back-
ground haze       
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which include x-space velocity compensation, DC recovery, and equalization, were 
robust, but slow due to the large data sizes—more than 150 GB. Konkle et al. 
recently published an improved algorithm using fast convex optimization [ 10 ]. This 
framework greatly reduces data size by incorporating robust  a priori  information, 
such as SPIO non-negativity. This reduced computation time for large 3D datasets 
to a few minutes and reduced memory use by 10 11 -fold. Importantly, this image 
reconstruction performs no deconvolution, which is known to impede SNR [ 64 ].  

3.4      Blood Volume and Tissue Perfusion with MPI   

 The use of MPI for vascular imaging is promising not only for  angiography   applica-
tions, but also for general blood volume imaging studies, such as blood perfusion 
imaging, which may be useful in the diagnosis and staging of stroke and cancer [ 65 , 
 66 ]. Figure  15  shows a blood volume image of the brain and head region of a rat 
injected with MPI-tailored SPIO blood pool  tracer   LS-008 [ 8 ], acquired using our 
7 T/m FFP MPI scanner. Both the major blood vessels in the brain and head, as well 
as blood within capillaries, can be appreciated in the image. The capillary blood vol-
ume is only grossly visible with nuclear medicine techniques today. In CT and MRI, 
the signal of the background tissue often dominates the capillary blood signal, which 
is typically about 5 % of the total tissue volume. This is a unique advantage of MPI. We 
are actively developing MPI perfusion methods, using wash-in and wash-out dynam-
ics. MPI perfusion has the potential for brain and lung perfusion and may prove useful 
for quantitative determination of perfusion in diseases like stroke and  cancer  .   

  Fig. 16    Data from our relaxometer, showing the MPI  point spread function      (PSF) full-width half- 
max resolution as a function of SPIO core diameter for SPIOs. Steady-state  Langevin theory   [ 4 , 
 14 ] predicts that spatial resolution should improve cubically with SPIO core diameter ( blue curve ). 
However, our data ( red curve ) clearly indicate that, above a certain size, the resolution actually 
begins to worsen, presumably due to the longer Brownian relaxation times for large SPIOs       
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4     Grand Challenges in MPI Nanoparticle  Design   

 There are numerous open challenges in the nascent fi eld of MPI. The fi eld of MPI is cur-
rently in a stage of development like MRI was in 1980: no commercial scanners, no com-
mercial vascular contrast agents (or tracers), and no agreement on image reconstruction 
methods, because the consensus on the k-space theory of MRI took several years after it 
was developed in 1983. Hence MPI is an exciting area of research. Below we discuss 
only two of these open challenges: how MPI could compete on spatial resolution with 
MRI and CT and how MPI might  revolutionize  cancer screening and diagnosis. 

4.1     Competing with CT and MRI on Spatial  Resolution   

 Perhaps the most urgent engineering priority for MPI- tailored nanoparticle research   
is to dramatically improve the spatial resolution of MPI. While today’s 1 mm resolu-
tion is competitive with human-scale MRI, this is not competitive with murine MRI, 
where 100 μm resolution is considered routine. It would be an enormous contribu-
tion to improve MPI spatial resolution to match MRI or CT spatial resolution. 

 To improve MPI’s spatial resolution we and others have researched SPIOs with 
varying core diameters, since Langevin steady-state physics predicts a  cubic  resolution 
improvement with increasing SPIO core size [ 4 ,  14 ]. This effort has already produced 
exciting results, effectively reducing the FWHM resolution by a factor of two over 
Resovist, using  both  the system matrix and the x-space reconstruction method [ 8 ]. 

 Unfortunately, MPI  researchers   have noted that spatial resolution actually does 
not improve for particles beyond roughly 25 nm core diameter. Indeed, the spatial 
resolution actually worsens for particles larger than about 25 nm. The precise opti-
mal SPIO diameter depends on the frequency and amplitude of the drive fi eld, as 
well as the SPIO and coating properties, but this general trend is observed for all 
SPIOs. Figure  16  shows data obtained with our MPI relaxometer, using a range of 
SPIO sizes purchased from Senior Scientifi c, with identical coatings. The blue 
curve shows the predicted improvement in spatial resolution from steady-state 
 Langevin theory  . Clearly, the steady-state Langevin theory fails for particles larger 
than 25 nm, which show a marked decrease in resolution (red curve).

   Why does the steady-state  Langevin theory   fail for particles larger than roughly 
25 nm? This remains an open research question. Both the system matrix and the 
x-space analytic models for MPI assume that relaxation is so fast that it can be 
neglected. Hence, we hypothesized that relaxation effects (Neel and Brownian 
relaxation) render the Langevin steady-state model inaccurate, and we recently 
showed experimentally that relaxation induces a  temporal  blur, which effectively 
causes a second  spatial  convolution over and above the Langevin steady-state PSF 
spatial blur [ 18 ,  19 ]. The data in Fig.  16  leads us to believe that the  dominant  blur 
for particles larger than the optimum is actually the Brownian relaxation blurring, 
although recent publications suggest that there is a Neel component to the relaxation 
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that fi ts with standard models as well [ 67 ,  68 ]. It is well known that the Brownian 
relaxation time scales  cubically  with the SPIO hydrodynamic diameter and coating 
type [ 69 ], which is consistent with the worsening upward trend for particles larger 
than the optimum in Fig.  16 . Hence, we believe that a dramatic improvement in MPI 
spatial resolution must obviate this so-called Brownian wall. Deconvolution 
approaches may help but they are known to reduce SNR dramatically [ 64 ]. Perhaps 
a nanoparticle specialist could devise an ingenious, high- resolution SPIO that has 
much faster relaxation times. Alternatively, MPI may require more innovative MPI 
data acquisition (both hardware and pulse sequences) that can mitigate relaxation 
blurring. This is an urgent area of research for all MPI  researchers  .  

4.2      Cancer Imaging with MPI   

 One of the most promising potential clinical applications of MPI is cancer screen-
ing and diagnosis. Nanoparticles targeted to tumors often show excellent contrast 
via the enhanced permeability and retention (EPR) effect [ 70 – 72 ]. Our group 
recently performed a preclinical study to image human breast tumors within rats at 
4 weeks after tumor implantation, using the blood pool tracer LS-008. Our results, 
shown in Fig.  17 , indicate that MPI can be used to visualize tumors within small 

  Fig. 17     In vivo  MPI-CT image of a human breast tumor model. Non-targeted particles (LS-008) 
[ 8 ] were injected via tail vein 4 weeks after tumor implantation and monitored with MPI using a 
limited fi eld of view over 24 h. A tumor vascular wash-in and wash-out can be appreciated. The 
physiologic image contrast is likely due to the enhanced permeability and retention effect       
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animals with excellent contrast and sensitivity. The contrast peaked at 24 h post-
SPIO administration. The high image contrast for tumor imaging, using  non-
targeted  SPIO particles (LS-008), is likely due to the EPR effect. These results are 
comparable in contrast to noise (CNR) to nuclear medicine scans, and this result 
strongly encourages further study.

   A natural next step in MPI of cancer is to test tumor-targeted nanoparticle tracers 
to see if these improve the sensitivity and specifi city of MP imaging. Given the 
rapid growth of cancer immunotherapy research, MPI techniques to image and track 
tumor-targeting immune cells may help accelerate the development of such thera-
pies. Many targeting approaches aim to bind nanoparticles to the surface of blood 
vessels that specifi cally express vascular biomarkers of infl ammation or angiogenesis 
(e.g., RGD, CREKA) [ 73 ]. This general approach may robust than tumor cell sur-
face reporters, since particle extravasation from the blood is not necessary when 
targeting the endothelial wall. Notably, chemical binding can potentially generate 
signifi cant changes in the MPI signal. This is because the SPIO must rotate nearly 
180° as the FFP or FFL traverses an SPIO, and binding can signifi cantly alter the 
Brownian relaxation time. It is important to note that chemical binding does not 
signifi cantly alter T2*-MRI contrast. Our group and others have already experimen-
tally demonstrated color-contrast MPI, as shown in Fig.  18  [ 5 ,  74 ]. Color MPI could 
possibly be used to distinguish SPIOs bound to the endothelium from SPIOs freely 
fl owing in the blood.

  Fig. 18    “Color” MPI scans of phantom constructed using two MPI tracers with different relax-
ation properties. ( Top left ) Standard MPI. ( Top right ) Chemicell MPI tracer. ( Bottom right ) 
NanoMag MIP tracer. ( Bottom left ) Combined colorized image. Color MPI, when improved, may 
distinguish SPIOs in the blood from SPIOs bound to the endothelial wall       
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5         Future Outlook on MPI   

 With the improvement of SPIO nanoparticle tracers, as well as scanner hardware 
and reconstruction technology, MPI may join conventional nuclear medicine, MRI, 
or CT imaging techniques for molecular imaging applications. Already MPI has 
demonstrated the ability to track stem cells in small-animal models systemically 
and longitudinally, and to visualize brain and tumor vasculature for potential diag-
nosis of stroke and cancer. However, a successful translation of MPI technology to 
the clinic will also require signifi cant engineering efforts. Below we discuss key 
challenges in MPI technology for clinical translation. 

 Our group recently showed that MPI has exquisite detection sensitivity, with detec-
tion and quantifi cation of as few as 200 labeled cells in a voxel [ 13 ]. The true physics 

  Fig. 19    ( a ) Photo of our custom noise-matched MPI preamp. ( b ) MP imaging following IV SPIO 
injections in a rat using the Stanford Research Systems SR560, Cadeka CLC1002, and the custom 
preamp. Our MPI preamp shows a tenfold SNR improvement over the commercial SR560 preamp. 
Images are shown for a 4 × 4 × 10 cm FOV and 8-min acquisition time       
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limit of detection sensitivity in MPI has not yet been achieved. This will be crucial for 
clinical translation and for fast, sensitive imaging of diseases like metastatic cancer. 

 Recently, methods to improve noise performance in MPI for enabling broadband 
noise matching to the detector preamplifi er were identifi ed, which guided the develop-
ment of new low-noise preamplifi er topologies with far improved broadband noise 
matching over commercial devices [ 75 ]. Figure  19  compares MP imaging performance 
using an MPI-optimized low-noise preamplifi er from our lab to a commercial Stanford 
Research Systems SR560 preamplifi er for imaging the liver and spleen via intravenous 
SPIO injections. Here, the MPI-optimized preamplifi er showed a further tenfold SNR 
boost over the commercial device. While this detector system achieves detector coil-
noise dominance, it still does not reach the fundamental physical noise limits, which is 
thermal noise arising from the patient. Hence, as MPI detector systems are further 
improved to reach patient noise dominance, confi guring novel noise-matching schemes 
will be critical for optimizing image SNR in MPI.

   Several groups have been advocating for using an FFL MPI scanner instead of an 
FFP scanner.  FFL scanners   offer greatly improved SNR and better resolution, with 
only a modest cost in scanning speed [ 17 ,  48 ,  49 ]. Hence, future MPI scanner architec-
tures are likely to be projection-mode or 3D projection reconstruction FFL designs. As 
an example, using a 7.5T/m FFL MPI scanner, it is estimated that projection imaging 
of standard Resovist tracers can achieve 1.1 mm native MPI resolution, while with cur-
rently available MPI-optimized nanoparticles, this may be as low as 0.7 or 0.8 mm [ 8 ]. 
Such a high-gradient FFL MPI system is currently under development in our lab. 

 Further successful development of effective MPI tracers and robust MPI scan-
ner architectures is needed to translate MPI technology to the clinic. The major 
remaining challenges in human-scale MPI operation include incorporating 
patient safety limits and scaling up the magnets in a cost-effective manner. MPI 
scanning parameters must be optimized to achieve high imaging speed and SNR 
while operating within FDA and EU limits for patient heating (SAR) and periph-
eral nerve stimulation (PNS) with magnetic fi elds [ 22 ,  26 ]. Akin to the evolution 
of MRI technology almost 35 years ago, it is likely that MPI FFL magnets will 
employ strong superconducting magnets. The technology should be similar in cost 
and complexity to existing low-fi eld or mid-fi eld MRI  scanners  . 

 In conclusion, while MPI remains in its technical infancy, prototype scanners built at 
our university appear to be competitive in sensitivity, contrast, safety, and robustness 
compared to professionally manufactured MRI and CT scanners for specifi c preclinical 
applications such as in vivo  stem cell tracking  , cancer imaging, and brain and lung per-
fusion. However, improvements in MPI tracer technologies are crucial in further advanc-
ing the MPI fi eld for spatial resolution, sensitivity, and safety. Already several groups 
have made promising advances in mass sensitivity and resolution in MPI tracer technol-
ogy [ 8 ,  28 ,  38 ]. However, much remains unknown about the physical mechanisms and 
trade-offs between particle magnetization and dynamic relaxation behavior. Further, the 
role of particle shape, size, and coating material on their MPI performance has not yet 
been extensively investigated. Hence, there is an urgent need for nanoparticle research-
ers to solve some of these important open challenges in the MPI fi eld.     
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Multispectral MR Imaging and Sensing Using 
Shaped Nanoparticles

Gary Zabow

1  �Introduction

The discovery of fluorescent proteins and their application in bioimaging have sig-
nificantly advanced molecular and cellular biology [1–3]. Color-labeling with such 
fluorophores enables distinction between different cell types and different biomol-
ecules, allows multiplexing and high-throughput bioassays, supports colorimetric 
sensing for real-time visualization of biomolecular processes and functions, and is 
critical to a host of new superresolution microscopy techniques [4, 5]. In addition to 
such molecular labels and probes, the bioimaging revolution that they started is now 
driven also by multicolor nanoparticle-based analogs. Prominent among these are 
semiconductor nanocrystal quantum dots [6–9], metallic plasmonic nanostructures 
[10, 11], and more recently nanodiamonds [12] and related carbon-based, low-
toxicity fluorescent nanoparticles [13].

Despite unquestioned utility, however, optical probes still suffer from limited 
in vivo functionality, where optical access is more challenging or entirely precluded. 
The growing realization that optically accessible in vitro, or largely two-dimensional, 
testing does not accurately mimic more realistic, three-dimensional, in vivo physiolog-
ical conditions, neither chemically nor mechanically [14], has spurred much research 
into extending optical penetration depths through biological tissues [15]. Among oth-
ers, this includes confocal [16] and two- or multiphoton imaging schemes [17, 18], 
photoacoustic imaging [19], and adaptic-optic wavefront-shapings that can dynami-
cally refocus light through turbid, scattering media [20, 21]. Concurrently, optical 
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nanoparticle probes are being reengineered with resonances shifted towards the more 
favorable near-infrared region of the spectrum where biological phototoxicity is 
reduced and intervening biological media offer less photon attenuation and less inter-
fering background autofluorescence [22, 23]. Even so, optical signal intensities and 
spatial resolutions still fall rapidly with increasing depth below the surface.

For in vivo probing, magnetic resonance imaging (MRI) would seem an ideal 
alternative were it not for its largely monochromatic nature that forfeits many of the 
multicolor advantages that make multispectral optical probes so valuable in the first 
place. MRI is a powerful imaging technology that offers safe, deep in vivo imaging 
with excellent soft-tissue contrast and high spatial resolution compared to other 
radiological imaging modalities [24]. Not requiring any ionizing radiation, it has 
become one of the most widely accepted medical imaging and diagnostics tools. 
Operating in the radio-frequency range, MRI can noninvasively penetrate tissue 
without signal loss or distortion and is inherently immune to background autofluo-
rescence, photobleaching, and phototoxicity issues that plague optical imaging. 
Moreover, MRI has the capability to discern not only anatomical form but also 
physiological function through many unique contrast mechanisms that provide sen-
sitivity to such key variables as water diffusion [25–27], paramagnetic metal ion 
content (particularly iron [28]), and blood flow [29], perfusion [30], and oxygen-
ation levels [31]. Even in vivo cellular and molecular level information is becoming 
accessible through an ever-growing array of targeted, and even genetically 
expressed, MRI contrast mechanisms [32]. These enable in vivo probing of many 
biomarkers and include early-stage disease detection through cell-type or epitope 
recognition [33–36] and imaging of gene expression and enzyme activity [37–41].

However, MRI has traditionally lacked the multiplexing advantages of multi-
color optical imaging modalities. Images typically comprise amplitude (and/or 
phase) maps of the local water signal, determined by the local density of water and 
its movement and relaxation properties, which enable a rich array of different con-
trast mechanisms. Nevertheless, just as optical colors represent different wave-
lengths or optical frequencies, a color MRI mapping requires also some analogous 
form of frequency-based distinction. NMR spectroscopy already does just that, 
identifying different chemical molecules through their different NMR spectra and 
to some extent this chemical-shift information carries over to MRI through 
chemical-shift imaging and magnetic resonance spectroscopy (MRS). But in vivo 
MRS sensitivities are low, enabling high-resolution imaging of only those biomol-
ecules that naturally occur in sufficiently high concentrations [42, 43].

This historical lack of multiplexed image contrast has not only impeded potential 
in vivo multiplexing applications, but also limited quantitative accuracy of MRI 
analyses (discussed below). Recognizing such weaknesses, several new multispec-
tral approaches to MRI contrast have been advanced in recent years including agents 
based on chemical exchange and on 19F, offering some of the first MRI multiplexing 
alternatives that sidestep optical access limitations of optical reporters. One of the 
most recent approaches—the focus of this chapter—uses magnetic nanoparticles 
whose special shapes enable multispectral MRI labeling and sensing. To place these 
new multispectral shaped contrast agents into better context, however, other multi-
spectral, as well as more traditional, approaches to MRI contrast are first discussed. 
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Many excellent reviews already exist on the topic of MRI contrast agents [44, 45]; 
thus here only a brief overview is given.

2  �MRI Contrast Agents

In addition to the many endogenous contrast schemes accessible to MRI, the clini-
cal success of MRI owes much to the invention of exogenous contrast agents, which 
may be either molecular or nanoparticle based. Roughly a third of all clinical MRI 
exams currently employ an administered exogenous contrast agent, amounting to 
some 10 to 20 million contrast agent-enhanced exams annually. Such agents are 
regularly employed to highlight blood flow and detect abnormal, damaged tissue, 
perhaps most notably including detection of blood-brain barrier disruption and the 
presence of brain tumors [46].

2.1  �T1 and T2 Agents

By far the most common clinical MRI contrast agents are molecular paramagnetic 
agents based on chelates of the Gd3+ ion [47, 48], although agents based on Mn2+, 
which can directly enter cells, are also used [49–51]. With seven unpaired electrons, 
the relatively large, fluctuating magnetic fields around Gd3+ ions can significantly 
affect both the longitudinal (T1) and transverse (T2) relaxation rates of hydrogen 
protons in closely neighboring water molecules. Because their relative effect on T1 
is larger, however, Gd-chelates are generally referred to as T1 contrast agents and 
used with T1 image-weighting schemes. By rapidly repeating image acquisitions, 
these T1-weighted images exploit the locally reduced longitudinal relaxation time, 
T1, of the nearby water protons to increase image brightness or signal (positive con-
trast) near the contrast agent as compared to the weaker signal accrued from more 
slowly relaxing water protons further away.

Many nanoparticle-based contrast agents also exist. These include nanoparticles 
of manganese oxide [52, 53], of gadolinium oxide [54, 55], and, most prominently, 
of superparamagnetic iron oxide (SPIO) that benefit from many already-developed 
synthesis methods [56, 57]. SPIO nanoparticles contain magnetite (Fe3O4) or 
maghemite (γ-Fe2O3), which offer much greater magnetic moments than chelated 
paramagnetic ions. Therefore, they can affect water relaxivity out to relatively large 
distances, much greater than the contrast agent particle sizes, which themselves 
span a large range from a few nanometers up to a few micrometers. They include 
nanometer-sized monocrystalline iron oxide nanoparticles (MIONs) [58] and 
ultrasmall SPIO (USPIO) [59] agents (often dextran coated for biocompatibility and 
solubility), as well as assorted agglomerations thereof that include magnetoden-
drimers [60] a few tens of nanometers in size, larger composite SPIO agents [61, 62] 
up to a few hundred nanometers in diameter, and even micrometer-scale particles of 
iron oxide (MPIOs) that may be as large as several micrometers across [63] and that 

Multispectral MR Imaging and Sensing Using Shaped Nanoparticles



98

can be individually detected [64]. While these particulate-based agents also affect 
both T1 and T2, they are referred to as T2 contrast agents since their effect on T2 is 
far greater, especially as particle sizes increase. For T2 agents, the inhomogeneous 
magnetic fields surrounding the nanoparticles cause a transverse dephasing of sur-
rounding hydrogen proton spins that increases over time. Independent of any longi-
tudinal relaxation, this loss of transverse spin coherence locally reduces signal 
intensity or image brightness, yielding “negative contrast” near the nanoparticles 
(although schemes do exist to provide also positive contrast [65, 66]). Distinct from 
T1-weighted imaging, T2-weighted imaging therefore seeks to reduce image repeti-
tion rates, using longer repeat and echo times to enhance the amount of dephasing, 
accentuating the local image darkening in the contrast agent vicinity. Although 
negative T2 contrast agents are clinically less common than positive T1 agents, they 
have been used for in vivo liver imaging [67, 68]. They are also widely used in 
preclinical studies, in particular in MRI cell tracking [69–73], for which their mag-
netic field disturbances are large enough to enable single-cell detection in vitro 
[74–76] and even in vivo [77]. Additionally, superparamagnetic nanoparticles are 
employed in magnetic resonance-based bioassays through relaxation switch sensors 
that detect molecular binding events [78], and thereby analyte concentrations [79], 
through particle aggregation-dependent changes in T2 relaxation rates [80].

Regardless of whether contrast agents are molecular or nanoparticle based, how-
ever, the net result of T1 and of T2 relaxation enhancers is a change in image bright-
ness or amplitude. Such signal amplitude changes are analogous to brightness or 
intensity changes of optical imaging probes; what these T1 and T2 relaxation 
schemes lack is some equivalent to the different color, or, effectively, different opti-
cal frequency information, available to optical probes. Being solely amplitude based 
complicates distinction between different types of MRI contrast agents that may be 
simultaneously present; to some extent distinguishing between a T1 and a T2 agent 
is possible [81], but this falls short of the multiplexing capabilities of colored probes 
accessible to optical imaging modalities. This lack of distinction between different 
agent types also hinders quantitative signal analyses. Without a priori knowledge of 
the exact amount of contrast agent present, changes in signal intensity may result 
from a change in contrast agent concentration rather than in the quantity or func-
tioning of some targeted biological variable under study. Distinguishable agents, on 
the other hand, may allow for ratiometric measures that eliminate concentration 
dependences, provided that the distinguishable agents are themselves present in 
some known concentration ratio to each other and are similar enough that they are 
tracked the same way through the body.

2.2  �Heteronuclear Agents

Besides relatively low-sensitivity MRS, one spectroscopic approach to distinguish-
ing between different agents is to base those agents on MRI-detectable nuclei other 
than the hydrogen protons used in conventional 1H MRI. Fluorinated compounds, 
for example, which are inert, nontoxic, and based on highly NMR-sensitive 19F 
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nuclei (comparable to 1H nuclei sensitivity), have long been used as contrast agents 
or, better formulated, tracers [82, 83], easily predating all Gd3+ and magnetic 
nanoparticle T1 and T2 agents by several years [84]. Substrates labeled with hyper-
polarized 13C [85, 86] also find much use, particularly in metabolic imaging. Other 
common NMR-active nuclei include 15N, 31P, and noble gases like 129Xe. And Si 
nanoparticles containing hyperpolarized 29Si have also been recently introduced as 
possible MRI tracers [87]. Different nuclei have different gyromagnetic ratios. 
Therefore, unlike T1 and T2 agents, which alter water relaxivities, heteronuclear 
agents are detected at completely different resonance frequencies, well separated 
from those of water. They can therefore be distinguished from each other and from 
conventional contrast agents and, for cases like 19F where there is negligible natu-
rally occurring free fluorine in the body, offer the advantage of background-free 
detection and even a form of 19F-based multispectral MRI [88].

Still, compared to available water (with hydrogen nuclei concentration up to 110 
M), exogenous heteronuclear agents, even hyperpolarized and/or background free, 
would need to be administered in very high concentrations to match the signal-to-
noise ratios achievable with 1H MRI. This is not only because other nuclei may be 
less NMR sensitive than hydrogen, but also because for heteronuclear agents it is 
the agent itself that is being detected, whereas for 1H contrast agents it is not the 
contrast agent, but instead the nearby water that is being detected. That is, T1 and T2 
contrast agents benefit from interacting with large amounts of water to significantly 
boost their effective signals, albeit at the expense of no frequency discrimination 
between these signals.

2.3  �Chemical Exchange Agents

An alternative approach that has enjoyed rapid growth over the past decade is the 
field of chemical exchange saturation transfer (CEST) agents [89] and their para-
magnetic equivalents (PARACEST) [90]. Like T2 contrast agents, CEST agents 
interact with the surrounding water to decrease the 1H signal, but CEST agents are 
able to provide signals at different offset frequencies from the background water. 
They do this by exploiting proton exchange, a natural chemical exchange process 
whereby weakly bound protons on certain molecules continually exchange with 
free (unbound) protons in the surrounding bulk water. While attached, the protons 
experience a chemical shift due to the molecule that they are (temporarily) a part of. 
Irradiation at that particular chemically shifted offset frequency allows the magne-
tization of the bound protons to be selectively “saturated out” while leaving the 
unbound water untouched. When the bound protons subsequently exchange with 
the surrounding free water protons, they reduce the total magnetization then detected 
in the unbound water signal. A full magnetization saturation spectrum, referred to as 
a z-spectrum [91], can then be acquired by repeating the presaturing irradiation 
pulses over a series of different offset frequencies. Depending on how rapidly 
chemical exchange recurs, the off-resonance irradiation process can be repeated 
multiple times within the free water’s T1 relaxation time, multiplying the number of 
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protons that can be magnetically saturated out and boosting the resulting difference 
in on-resonance signal magnitude. Thus the CEST effect provides an indirect, but 
clever way to amplify the frequency-shifted signatures of certain molecules that 
might otherwise yield only weak signal or be undetectable with magnetic resonance 
spectroscopy imaging. CEST imaging does still require high concentrations of 
exchanging protons but, fortuitously, some biomolecules with the necessary labile 
protons do naturally occur at high concentrations and are therefore amenable to 
such CEST imaging protocols [92]. This gives CEST the advantage of being appli-
cable to both endogenous and exogenous contrast enhancement schemes.

One route to reducing required CEST concentrations is to use molecules with 
higher proton exchange rates, thus amplifying the signal per molecule. Proton 
exchange does broaden the shifted linewidths, however, limiting the useful fre-
quency of exchange to of order the chemical frequency shift itself, the so-called 
“slow exchange” limit [93]. CEST molecules with as large a chemical shift as pos-
sible are therefore sought, but many candidate endogenous CEST molecules are 
diamagnetic offering relatively small shifts. These shifts are proportional to the 
magnetizing field of the MRI scanner and can thus to some extent be increased by 
working at higher fields, but this puts many potential applications out of clinical 
reach. Another workaround is to use exogenous CEST agents that include paramag-
netic ions. These PARACEST agents generate larger frequency shifts that allow for 
more rapid proton exchange and aid in discriminating signals from the background 
water and from each other.

Whether CEST or PARACEST, their ability to generate signals at different fre-
quency offsets allows for selectively addressable contrast and simultaneous use of 
more than one agent type, enabling a form of multispectral image contrast [94–96]. 
Many versions of PARACEST agents are currently being explored, including poly-
mer and supramolecular versions [97, 98], liposome-based LIPOCEST agents [99], 
and even hyperpolarized (HYPERCEST) systems [100]. Promising as these CEST 
agents are, all are ultimately limited by their chemical shifts and by the number of 
exchangeable protons on the molecules used. As recently shown [101], however, 
NMR frequency shifts need not be restricted to only those from molecular chemical 
shifts or differing nuclear gyromagnetic ratios; NMR frequency shifts can also be 
engineered through a new class of contrast agents based on specially shaped mag-
netic nano- and microparticles.

3  �Shaped Nanoparticles

An overwhelming majority of nanoparticles are spherical. This is not surprising. 
Without deliberate intention otherwise, energy minimization automatically renders 
many chemically synthesized particles roughly spherical in form. For many applica-
tions, it is also more size than shape that matters anyway. Often size is the funda-
mental determinant of novel nanoparticle functionality due to quantum effects that 
increasingly dominate over classical ones as particle sizes shrink. In other cases, 
size dominates simply because the decreasing footprints of nanoparticles make them 
less obtrusive, a key requirement in, for example, many biomedical applications.
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But as the fields of nanotechnology mature—particularly the subfields of nanopar-
ticle synthesis and related colloid and self-assembly research—appreciation of the 
unique functionalities enabled by nonspherical particles and new ways to synthesize 
them are growing [102, 103]. Nanoparticle shapes now comprise a veritable zoo of 
nanocreatures including such species as nanorods, nanotubes, nanorings, nanoshells, 
nanocubes, nanoellipsoids, nanopyramids, nanodisks, nanobelts, nanocylinders, 
nanoribbons, nanodumbbells, nanodiscoballs, nanopeanuts, nanostars, nanoscrews, 
nanocoils, nanosprings, nanotetrapods, nano-octapods, nanohexagons, nanobarrels, 
nanocages, nanomushrooms, nanoflowers, nanocrescents, nanoworms, and more 
besides including even such curiously sounding recent proposals as drug-delivering 
nanovolcanoes [104]. To be sure, many have yet to find any actual use. But among 
those that have, the applications enabled specifically by nonspherical particles are 
many and varied. They span a range of fields too broad to cover here, from enhanced 
platinum nanoparticle catalysis [105] to self-assembled materials with unique aniso-
tropic optical and mechanical properties [106–108]. Even limited to biomedical fields, 
applications are numerous. Nanoparticle shape—not just size or surface charge—has 
been found to influence cell uptake rates [109–111], prolong in vivo circulation times 
and improve tumor targeting efficiency [112], and enhance preferential targeting of 
particular cell/tissue types [113]. Optical resonances, local electric field enhance-
ments, and heating properties of metallic plasmonic nanoparticles [114–116], which 
find use in biomedical imaging, sensing, and potential photothermal therapies, are 
directly determined by both nanoparticle size and shape. And shaped magnetic parti-
cles are also attracting attention. Whereas spherical magnetic particles can only trans-
late in a magnetic field, the shape anisotropy of nonspherical particles allows them to 
be also rotated. This is advantageous because translational magnetic forces, which 
depend on gradients in the magnetic field, often require close proximity to the source 
magnet and may be weaker than magnetic torques, which depend on the magnetic 
field strength itself. Thus asymmetric and corkscrew-shaped magnetic microparticles 
underpin much of the new field of so-called magnetic swimmers [117], which trans-
duce externally applied magnetic field rotation into mechanical translation with a goal 
of magnetically guided drug delivery. New ways to attack cancer cells have also been 
proposed using targeted thin disk-shaped particles whose magnetic shape anisotropy 
allows them to be rapidly oscillated back and forth to destroy the cells to which they 
are attached [118]. As a further illustration, increased anisotropy of cube-shaped mag-
netic nanoparticles has been argued to enhance heat absorption over equivalent spher-
ical particles for alternative magnetic hyperthermia approaches to treatment [119].

3.1  �Shaping NMR Relaxivity

In MRI, deliberately shaped nanoparticles are less conspicuous, but not entirely 
absent either. To be sure, for T1 and T2 contrast agents, size is the more important 
qualifier than shape: smaller, molecular scale agents make better T1 relaxers, while 
larger nano- and microparticles with higher magnetic moments excel at T2 contrast 
generation. Changing size not only changes relaxation efficiency, but can even 
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switch between predominantly T1 and T2 relaxation. For example, T2 MnO particu-
late contrast agents transform into T1 agents by releasing free manganese ions when 
dissolved in acidic cellular endosomes/lysosomes [120]. Conversely, T1 Gd chelates 
become better T2 relaxers when locally concentrated together.

But shape itself can also play a role. One recent example claims increased T2 
contrast through the use of octapod-shaped iron oxide nanoparticles [121], where 
the more pointed structure gives a more disperse distribution of material with a 
larger fraction of the magnetic material positioned further from the particle center 
than would be the case for a solid sphere. It is argued that the more open structures 
and effectively increased particle diameters allow the nanoparticles to interact with 
more water, increasing the transverse relaxivity. A comparable case for T1 contrast 
agents may be recent Gd(III)-DNA-coated gold nanostars [122] showing increased 
T1 contrast (compared to Gd(III)-DNA-coated spheres, for example), believed due 
at least in part to improved water access resulting from their nonspherical star 
shapes. Although contrast mechanisms differ, in both cases moving away from a 
spherical shape to one that is more open with higher curvature surfaces appears to 
increase water access and relaxivity. Gadolinium-containing ultrashort carbon 
nanotubes [123] represent another relatively new, and patently nonspherical, set of 
MRI contrast structures under development. They show significantly higher MR 
relaxivities than traditional agents, thought due to nanoscale clustering of Gd3+ ions 
confined within the nanotubes and, again, higher water access [124]. This is not to 
say that relaxivities are necessarily optimized through particles that are specifically 
octapod-, star-, or tube shaped, but it does show that nanoscale shape can be 
important.

4  �Geometrically Based Multispectral MRI Contrast

The above examples increase image contrast; to add distinguishing spectral content 
a different approach dependent on more specifically designed, shaped magnetic 
microstructures was recently introduced [101]. Here the spectral information was a 
direct consequence of the precise magnetic geometries used, enabling controlled 
NMR frequency shifting, multiple uniquely identifiable contrast agents, and 
the prospect of larger scale multiplexing with MRI. Unlike the above nanostructure 
agents, these multispectral contrast agent structures do not necessarily need to be 
nanoscale; their operation, while highly dependent on particle shape, is to a large 
extent size independent.

4.1  �Using Shape to Control Frequency

Because all magnetic particles add T2 contrast, regardless of shape, it helps revisit-
ing how that contrast is generated to better understand how particle geometries can 
also encode distinct spectral signatures. In a pure water sample free of any magnetic 
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particles, the hydrogen proton spins all precess at the same Larmor frequency, 
which is proportional to the magnitude of the magnetic field of the MRI scanner. 
Once a magnetic particle is added to the water its own surrounding magnetic field 
adds to the MRI field, altering the precession frequencies of protons nearby. Because 
the particle field is different in different positions around the particle, precession 
frequencies differ between neighboring water molecules. Thus proton spins accrue 
different transverse phases with respect to one another, leading to destructive signal 
interference that locally darkens the image around the particle location. Or, spec-
trally, the NMR line is broadened since signal from around the particle introduces a 
continuous spread in precession frequencies.

Such contrast is largely independent of particle shape. What makes magnetic mic-
roparticles such powerful T2 relaxers is the large distances out from the particle over 
which the particle magnetic field can cause appreciable transverse dephasing. Fields 
from a single micrometer-sized particle, for example, may be sufficiently strong to 
significantly dephase hydrogen protons out to of order 100 μm away from that par-
ticle [125], encompassing a volume of water many orders of magnitude larger than 
that of the particle itself. Therefore, unlike T1 contrast that only relaxes water close 
to the agent—in the first or second coordination sphere of the paramagnetic ion 
used—for larger agents much T2 contrast accrues from water relatively far from the 
particle. At such distances, any higher spatial frequency components, or equivalently 
higher multipole moments, in the surrounding particle field distribution have decayed 
away. Transverse dephasing due to microparticles is therefore predominantly due to 
spatially decaying dipole fields that, while proportional to net particle magnetic 
moment and/or size, retain no other information about particle shape.

Avoiding such dephasing, which blurs any potential distinguishing spectral con-
tent, requires instead a spatially extended region about the magnetic particle over 
which the magnetic field does not change. Within such a uniform field region, the 
precession frequencies of water protons would all be the same, locally keeping all 
proton spins in phase. This would locally avoid NMR line broadening, but would 
frequency-shift the water line proportionally to the shifted field magnitude within 
that region. Such a field setup might initially seem unlikely but, even though all 
magnetized particles project dipolar far fields, this does not preclude generating the 
necessary uniform field in the near-field regions of specially designed magnetic 
microstructures. Further, since signals from water within such a near-field region 
are spectrally distinct from water further away, selective signal amplification 
becomes possible. Thus large signals can still be acquired from the engineered uni-
form near-field volumes even though those water volumes may be much smaller 
than their dipole-field-dominated far-field counterparts.

4.2  �Frequency-Shifting Micromagnetic Structures

As a concrete example, Fig. 1 shows one possible microstructure that can discretely 
shift the NMR frequency of nearby water. It consists of two magnetizable disks, 
spaced a distance apart roughly equal to the disk radii. When magnetically saturated 
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in a typical MRI scanner, this particle geometry yields an extended spatial region 
between the disks where the field is roughly uniform and of a different magnitude 
to the fields far away from the particle. Note that this does not eliminate the dipolar 
field decay external to the structure. The dipole field still exists, dephasing sur-
rounding water and broadening the NMR water line just like any other T2 agent. But 
within the inner uniform field region, there is a volume of water where all proton 
spins precess at the same offset frequency, different to the resonance frequency of 
the bulk water signal. The structure therefore adds a distinct frequency-shifted peak 
to the acquired NMR spectra. The frequency shift, Δω, is proportional to the differ-
ence in magnitudes of the field between the disks and the field far away where water 
is unperturbed by their presence. The uniform field generated by the disks can be 
approximated analytically from the field at the center point of the structure. For 
magnetically saturated disks of thickness h, radius r, center-to-center separation 2S, 
made from material with a saturation magnetic polarization density JS, and immersed 
in a medium of gyromagnetic ratio γ, the resulting NMR frequency shift is [101]
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where thin disks with h < < 2S ≈ R are assumed for simplicity. Different frequency 
offsets can therefore be engineered by changing the magnitude of the field between 
the disks. This can be done by changing the spacing between the disks, the disk 
radii, the disk thicknesses, or the magnetic material from which the disks are made. 
All of these variables can be controlled when microfabricating such structures, 
allowing tailored frequency shifts over large frequency ranges. Thus families of 

Fig. 1  Double-disk magnetic structure and field diagrams. (a) Schematic of the field (small 
black arrows) from two parallel disks magnetized to saturation by the background field of an MRI 
scanner (large red arrow). Nonmagnetic spacer elements are omitted for clarity. (b) Calculated 
(negative) field magnitude in the mid-plane through a typical magnetized disk set, contrasting its 
homogeneous nature between the disks with its rapid external decay (reproduced in part from 
[101], with permission, Nature Publishing Group)
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structures can be created, each capable of offsetting the water NMR frequency by a 
different amount. These frequencies lie in the NMR radio-frequency (RF) range, but 
if each different frequency offset is associated with a different color (as in the opti-
cal spectrum) multispectral, or “RF color,” contrast becomes possible. Although 
operational principles are different, in many ways such shaped magnetic particles 
become RF analogues to optical quantum dots, or plasmonic nanoparticles. All have 
resonances that can be engineered by controlling either the size of the quantum dots, 
the size and shape of the plasmonic nanoparticles, or the geometrical aspect ratios 
of the magnetic nano- or microparticle structures.

Double-disks are not the only structures that can frequency-shift the NMR sig-
nal. As mentioned, the main requirement is generating a uniform offset field region 
and this can be done in more than one way. For example, short, hollow cylindrical 
tubes with a length approximately equal to their diameter can also generate the nec-
essary water-accessible, spatially extended regions of uniform field offset within 
their interior [126]. Figure 2 shows an example of the fields of such a structure 
which give frequency shifts of [126]
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Here, γ and JS are defined as previously but now L represents the tube length, 2ρ is 
its diameter, and t is its wall thickness. Again for simplicity a thin-walled structure 
with t < < L ≈ 2ρ has been assumed. Analogously to the double-disk structures, the 
field magnitude can be controlled by changing the tube length, the tube diameter, 
the tube wall thickness, or the magnetic material from which the tubes are made.

Interestingly, uniform field regions can also be created by asymmetric structures. 
An example of this is open elliptical shell structures that have their inner and outer 
boundaries defined by ellipsoids of differing eccentricities [127]. As surfaces of 
second degree, ellipsoids offer truly uniform internal magnetizations [128]. For 

Fig. 2  Schematic of the fields generated by a magnetized hollow cylinder. (a) Cut-away sche-
matic of the field (black arrows) of a hollow cylinder magnetized to saturation by that background 
MRI field (larger red arrows). (b) Calculated magnetic field magnitude profile with underlying 
field magnitude contour plot in a mid-plane through a magnetized hollow cylinder. Plane orienta-
tion shown in upper left corner. (c) As for (b) but for perpendicularly oriented mid-plane (repro-
duced in part from [126], with permission, IOP Publishing)
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magnetically saturated ellipsoids, such uniform magnetization can be shown to 
result also for geometries that represent one ellipsoidal volume removed from within 
another, no matter whether the ellipsoidal volumes share a common center [127]. 
Thus various counterintuitive asymmetrical structures become possible, an example 
schematic being shown in Fig. 3. For these elliptical shell agents, the internal uni-
form field magnitudes and resulting frequency shifts depend on the difference in 
aspect ratios, or eccentricities, of the ellipsoidal shapes that define the structures’ 
physical boundaries. A relatively simple case is a hollow shell structure formed by 
subtracting a spherical volume (of any radius r) from within an ellipsoid of revolu-
tion with semi-axes r(1 + εa) and r(1 + εb); frequency shifts are described by [127]
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where for simplicity again, a thin shell structure has been chosen with εa and εb 
much less than unity. Here, field magnitudes and NMR frequency shifts can be con-
trolled by changing boundary ellipticities, by changing the size of either outer or 
inner bounding ellipsoid (thus changing shell “thickness”), or by changing the mag-
netic material from which the ellipsoidal shell is constructed.

As magnetic particles, all of these structures double as T2 contrast agents. Indeed, 
one can imagine transforming a T2 agent into a multispectral agent simply by 
redistributing its material, reforming the spherical (or randomly shaped) particle 
into a double-disk, hollow cylinder, elliptical shell, or any other shape capable of 
generating the necessary magnetic field profiles. No new magnetic material needs to 
be added or removed in the process. Since microparticle T2 relaxation is dominated 
by transverse dephasing in the far field where particle shape is irrelevant, a multi-
spectral microparticle agent created in this way would possess the same relaxing 
ability of the original  microparticle agent. But by adding a local uniform field 
region, the material redistribution adds shape-identifying spectral information that 
enables particles that would otherwise appear identical in an MRI scan to be distin-
guished from one another.

Fig. 3  Schematic of 
open, asymmetric 
ellipsoidal shell structure. 
Cross section through an 
open shell geometry 
defined by an oblate 
ellipsoid of revolution 
(oblate spheroid) after a 
vertically offset spherical 
volume has been removed
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Such particles therefore make interesting candidate labels for MRI-based cell 
tracking, a growing MRI application that may be of considerable value to new cell-
based medical therapies [129, 130]. If surface functionalized such that different 
microstructure geometries target different cell types, labeled cells could be tracked 
using regular T2*-weighted gradient echo imaging protocols, but also distinguished 
from one another through the geometrically encoded spectral content of their mag-
netic labels. Added spectral content could also distinguish hypointense image 
regions due to the administered contrast agent from those due to natural image 
darkenings or signal voids arising from air bubbles or other magnetic field inhomo-
geneities. Such “color” particle distinction can be seen in Fig. 4, which shows dif-
ferent resulting frequency shifts from double-disk structures with different disk 
thicknesses.

4.3  �Frequency-Shifting Properties

Figure 5 displays several scanning electron micrograph (SEM) images of microfab-
ricated magnetic double-disk, hollow cylinder, and ellipsoidal shell sample struc-
tures. Although geometrically distinct from one another, the shapes are unified 
through their frequency shifts that all reduce to
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where X represents the bracketed portions in the equations above. As can be seen, in 
all cases X is a dimensionless function of solely the structure geometry. That is, at 
least as far as the magnetics are concerned (although not necessarily as far as the 
dynamics are concerned), shape-based frequency shifting is in principle scale 
invariant. Isotropically expanding or contracting any of the structures does not 
change the frequency shift, allowing agents to be produced over a large size range 
for different potential applications. Being independent of any chemical exchange 
processes and with material dependences appearing only through the gyromagnetic 
ratio and magnetic saturation polarization density, structures can also be used with 
any NMR-active medium and made from any magnetic material. This allows agents 
to be made from less toxic materials than the lanthanide ions used in PARACEST 
and clinical T1 agents, which require powerful chelating ligands to protect the body 
from direct exposure [131]. To date, shaped particle agents have been made from 
nickel [101, 126, 127] as well as from more biocompatible materials including iron 
[132] and iron oxides [133]. They have also been shown to operate equally in water 
and in deuterium oxide [101], and have been produced with sizes ranging from 
milli- to micro- to nanoscale [101, 126, 134].

Lacking spherical symmetry, different particle orientations relative to the applied 
field can lead to different surrounding magnetic field profiles. These would change 
the resulting field shifts, were it not for the particles’ self-aligning properties. Much 
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like a compass needle in the earth’s field, the particles’ magnetic shape anisotropy 
causes strong magnetic torques that automatically align the particles parallel to one 
another when placed into the large fields of an MRI scanner [101]. This avoids ran-
dom spread in resulting resonance shifts that might otherwise hinder the ability to 
distinguish different particle geometries.

Fig. 4  Multispectral MRI. (a–d) Chemical shift imaging of demonstration 1.25 mm diameter 
particles magnetized by background MRI field. Particle frequency was varied by changing the 
thickness of electroplated nickel layers that formed the magnetizable disk pairs. As with normal 
magnetic particle detection, magnetic dephasing due to the particles’ external fields enables the 
spatial imaging shown in the gradient-echo MRI (a). However, comparison between (a) and the 
chemical-shift images (b) shows that the additional spectral information both differentiates 
between particle types and improves particle localization. The particles are shown schematically 
(not to scale) in (c). With particle spectra (d), to the right of the corresponding chemical-shift 
images in (b) shifted well clear of the water proton line, different planes in the chemical-shift 
imaging map isolate different particle types for unambiguous color coding with minimal back-
ground interference (b, bottom panel). (Although still visible in the gradient-echo image, the top-
corner particle of the letter “B” was damaged, causing its shifted frequency peak to vanish) 
(reproduced from [101], with permission, Nature Publishing Group)
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Because particles can be made with ferromagnetic materials, which have far 
greater magnetic permeabilities than para- or diamagnetic materials, the range of 
accessible frequency shifts is large. Iron has a JS value of over 2 T, for example, 
allowing NMR shifts for water protons to be engineered anywhere from zero up to 
tens of MHz. (In theory, shifting up to 100 MHz is possible, albeit only for unwieldly 
structures with very thick magnetic layers.) But even at 1 MHz or a fraction thereof, 
shifts easily exceed anything yet achieved with molecular agents.

Unlike paramagnetic (or diamagnetic) CEST agents, shifts generated by mic-
roparticle structures can also be field independent because typical MRI field strengths 
magnetically saturate the constituent ferromagnetic materials. Large field-
independent shifts are advantageous because they raise the possibility of using such 
agents at clinical field strengths, rather than at the higher field strengths used to 
increase the shifts of molecular based (PARA)CEST agents. Whereas most chemical 
shifts are proportional to the MRI field and thus reported in relative terms of parts per 
million (ppm), for these shaped particle agents NMR shifts are absolute. In conven-
tional, relative terms their shifts will therefore appear to change based on the applied 
field but, to aid comparison, for a 1.5 T clinical field strength MRI scanner, a MHz 
shift corresponds to around 15,000 ppm. Chemical shifts in NMR spectroscopy, by 
contrast, typically measure just a few ppm. Frequency shifting far from the back-
ground bulk water relaxes bandwidth constraints on the off-resonance radiation 
pulses used to address these agents. With little chance of any RF power leaking over 
to excite the background water, it enables virtually background-free imaging. That is, 
even though the signal still comes from water surrounding the magnetic particle 
rather than from the particle itself, the large shifts enable a form of “hotspot” imaging 
[135], different in mechanism, but not unlike that reported with highly shifted proton 

Fig. 5  Scanning electron micrographs (SEM) of microfabricated contrast agent microstruc-
tures. (a, b) SEM of magnetic double-disk structures separated by nonmagnetic internal or exter-
nal spacing posts, respectively. (c) SEM of hollow magnetic cylinders. (d, e) SEM of open oblate 
and prolate ellipsoidal magnetic shells, respectively. For scale, all structures are a few micrometer 
in total size
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(HSP) MR imaging [136] or with background-free imaging of 19F labels. Based on 
magnetic nano- or microparticles that interact with surrounding water, these agents 
do however offer higher sensitivity than HSP or 19F imaging, in large part due to their 
large frequency shifts that also enable significant signal amplification.

4.4  �Diffusion-Driven Signal Amplification

In some cases, the frequency-shifted signals encoded by shaped magnetic nano- and 
microstructures can be directly imaged via chemical-shift imaging, a standard MRI 
protocol that spatially maps NMR frequencies. An instance of this was already 
shown in Fig. 4. Just like any other magnetic particles the shaped structures appear 
indistinguishable in a T2-weighted gradient echo image. But in a chemical-shift 
image they are clearly distinguished from one another (as well as from the back-
ground water) through their ability to locally frequency-shift the nearby water by 
different amounts. Also clear, however, is that the frequency-shifted signals cover 
smaller areas than do the T2 contrast signals. This is because the frequency shifting 
occurs within the particles’ homogeneous field regions, which are small compared 
to the far-field volume over which water is transversely dephased. This means that 
shaped particles can be better spatially localized through their added spectral con-
tent, but it also means that their spectrally distinguishing signals are not as strong as 
their associated T2 contrast signals.

To boost spectral signals, therefore, a variation of magnetization transfer imag-
ing [137] is used, not unlike that employed for amplifying CEST-based signals. 
Here though, proton exchange does not imply chemical exchange. Instead exchange 
is driven by water self-diffusion that randomly moves water molecules into and out 
of the homogeneous field region. The particles’ open structure design exploits this 
natural water diffusion to continually refresh protons contained with the field-
shifted region. This yields an effective water volume from which signal can be 
acquired that may be several orders of magnitude larger than the homogeneous field 
region itself. That is, signal can be acquired not just from water that happens to be 
in the field-shifted region at one point in time, but from water passing through that 
region over an extended time period (of order the bulk-water longitudinal relaxation 
time, T1).

The signal acquisition protocol is similar to that of CEST agents. A series of pre-
saturating RF pulses, applied at a specific offset frequency from the background 
water resonance, are followed by a single on-resonance pulse and the resulting free 
induction decay (FID) signal used to infer the resulting reduction in the bulk water 
signal. This process can then be repeated for different offset frequencies, building 
up a z-spectrum that reveals the particle-induced shifted resonance through a spec-
trally localized dip in the remaining water signal. (Examples of such NMR z-spectra 
can be found later in Fig. 6.) Alternatively, knowing contrast particles’ specific off-
set resonance frequencies allows for selectively addressable contrast that can be 
turned off and on.
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Fig. 6  Principles of shape-changing RF colorimetric sensors. (a) Schematic of sensor assem-
blies comprising two parallel disks magnetized by applied MRI field (blue arrow) and separated 
by stimuli-responsive hydrogel spacers (yellow). Resulting magnetic fields (grey curves) are uni-
form between the disks and locally shifted NMR frequencies of water passing through proportion-
ally to the field magnitude, which depends on disk spacing d. Different frequency shifts represent 
different effective RF “colors.” (b) Scanning electron micrograph of sensors. (Interspersed features 
are nonmagnetic residual topography from the microfabrication process.) (c) Theoretical preces-
sion frequency (or equivalently, field) histograms, mimicking NMR spectra, for 60 nm thick, 1 μm 
radius nickel disk pairs with disk spacing indicated. Background water appears at zero offset; 
shifted peaks result from uniform field regions between the disks. Inset: frequency offset versus 
disk spacing for nickel and iron disks with thicknesses shown. Dashed black curves are analytic 
approximations (see equation (1) in ref. [132]); red curves result from numerical field simulations. 
(d) Experimental NMR z-spectra for nickel (top) and iron (bottom) sensors with hydrogel spacers 
in compressed and expanded states. Magnetization saturated out MS is normalized to the initial 
water magnetization M0. (e) Experimental pH-dependent NMR shifts for nickel-based sensors 
containing pH-sensitive hydrogel spacers designed to shrink (expand) at low (high) pH with peak 
sensitivity in the physiological pH range (reproduced from [132], with permission, Nature 
Publishing Group)
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Where shaped-particle signal amplification differs from that of molecular-based 
chemical exchange is in the number of, and the rate at which, protons that can be 
exchanged. Unlike chemical exchange processes, in which only a fraction of a mol-
ecule’s protons are able to participate, with shaped particles most of the uniformly 
field-shifted volume of water can be exchanged simultaneously. Exchange rates are 
also no longer dependent on chemical rate constants; they depend on the time it 
takes water to self-diffuse through the particle’s field-shifted region. Since diffusion 
distances scale with the square root of time, the exchange rate speeds up quadrati-
cally as particle sizes shrink, increasing the total signal that can be acquired. That is, 
while frequency shifts are independent of overall particle size, diffusion-driven sig-
nal amplification favors smaller (and less biologically invasive) particles.

Increasing exchange rates do increasingly broaden the shifted resonance line-
width. As mentioned with regard to CEST imaging, for agents to be effective, this 
broadening, which is proportional to the exchange rate, should not become so large 
that the shifted resonance overlaps with the unshifted background water [93]. Being 
ferromagnetic, particle agents offer larger frequency shifts than paramagnetic mol-
ecules, thus allowing higher exchange rates, which increase signal and should allow 
particles to be scaled down to below 100 nm in size. Taken together, shaped parti-
cles allow more protons to be simultaneously exchanged and allow those exchanges 
to recur more rapidly, yielding signal amplification and resulting contrast agent sen-
sitivities that compare favorably with commonly used clinical T1 agents [132].

5  �Geometrically Based MRI Sensing

Just as optically based fluorescent tags and labels were soon followed by fluorescent 
sensors, MRI contrast agents have since expanded to include responsive MRI probes 
[138]. Such agents change surrounding image contrast in response to some chosen 
biomarker, which may include various biologically significant metal ions, biomol-
ecules, or surrounding environmental conditions such as temperature or 
pH. Examples include changes in T1 due to modified water access to the Gd ions 
[139], switches in T2 due to induced aggregation of magnetic nanoparticles [78], 
changes in CEST contrast due to modified proton exchange rates [140], and signal 
switching in shaped particle structures by (un)blocking their homogeneous shifted 
field regions [101].

Whether based on T1, T2, CEST, or shaped particles, these sensing examples all 
amount to changes in the amplitude of the contrast agent signal. As mentioned, 
however, such signal changes cannot necessarily be distinguished from more mun-
dane changes in the contrast agent concentration. For in vitro tests, concentrations 
may be well controlled, but this is not always true for in vivo studies where precise 
trafficking and pharmacokinetics of the administered contrast agents may be poorly 
known. An option is to administer two different contrast agents [141]. By assuming 
that at least the ratio of their concentrations remains constant, unwanted concentra-
tion dependences can be eliminated. But such ratiometric correction may require 
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larger overall amounts of exogenous agent and may still fail if there is any differ-
ence in agent pharmacokinetics.

One way to avoid ambiguity is through a responsive probe that reports via 
changes in NMR signal frequency rather than amplitude. Unlike signal amplitudes, 
NMR frequencies need not depend on contrast agent concentrations, allowing for 
more quantitative measurements. With resonant frequency shifts that can be directly 
engineered through particle geometry, multispectral shaped-particle contrast agents 
are well suited to the task. Converting such contrast agents into sensing agents is 
conceptually simple, requiring only a modified structure whose shape is no longer 
static, but can dynamically vary in an appropriate way in response to the chosen 
biomarker. As the structure changes shape, its surrounding magnetic field profile 
changes, in turn changing the local frequency shift imparted on the surrounding 
water signal. Given the large frequency shifts of shaped-particle agents, resulting 
responsive changes in those frequency shifts can be similarly large, in principle 
enabling even small biomarker changes to be detected.

The first such shape-changing, frequency-based, MRI sensor agents have only 
recently been published [132]. Referred to as Geometrically Encoded Magnetic 
(GEM) sensors, they employ stimulus-responsive polymer gels that effect the nec-
essary shape changes and that enable continuous and reversible operation. 
(Interestingly, Paul Lauterbur, one of the original inventors of MRI, first proposed 
using a gel-based agent over two decades ago [142]. Except, without specific con-
trol over their magnetic fields, those agents yielded particle aggregation-dependent 
changes in relaxation, or signal amplitude, much like relaxation switch sensors 
[78].) The first examples of sensors that controllably change fields and therefore 
frequencies, however, used acid-sensitized hydrogels [143] to transduce local pH 
levels into NMR-readable frequency shifts. These sensors borrowed from the 
double-disk multispectral MRI agent geometry, using this time nanoscopic hydro-
gel pillars as spacing elements between the two magnetic disks. As these spacers 
swell or shrink in response to the pH of the surrounding solution, the attached disks 
move further apart or closer together. The resulting change in magnetic field magni-
tude between the disks then manifests as a changed offset resonance frequency for 
water passing between the disks, as detailed in Fig. 6. Since hydrogels can expand 
or contract by large amounts and since frequency changes can be shown to be pro-
portional to length changes in the hydrogels separating the disks [132], large 
stimulus-induced spectral shifts are possible. Although stimuli-reponsive hydro-
gels, which rely on solute diffusion through the gel, offer notoriously slow macro-
scopic response times, for the nanoscopic hydrogel elements incorporated into the 
GEM sensors diffusion times are rapid, enabling sub-second response times.

As their name suggests, GEM sensors depend on geometry. Like the originating 
multispectral shaped-particle MRI contrast agents, GEM sensor signals are an 
intrinsic function of the shapes of the nanostructures involved. They afford not just 
another example of how particle shape enables new functionality, but of how the 
shape itself can function as a reporter of local conditions, which may extend beyond 
pH to include reporting on many other conditions and/or biomolecules of interest. 
Many different hydrogel formulations—many of them biocompatible—have 
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already been developed in other fields and there exists considerable literature dem-
onstrating the ability to sensitize them to many variables of interest [144]. (Nor are 
hydrogels the only possible polymers that could be used to effect the necessary 
shape changes.) Gel sensitization techniques include molecular imprinting of gels 
[145], the incorporation of catalytic enzymes [146] or enzyme-cleavable substrates 
[147], and the inclusion of specific receptor-ligand-type recognition bondings [148]. 
By using hydrogels with responses tailored to different targets, the same geometri-
cally based sensing platform should be adaptable to measure a variety of biomark-
ers. The multispectral nature of these agents suggests also that multiple different 
biomarkers might be measured simultaneously by using multiple different GEM 
sensors. Provided that these sensors are engineered with different initial frequency 
offsets, different sensor signals can be spectrally isolated from one another even if 
spatially co-located. This may allow for different sensors to be calibrated against 
each other and/or for panels of biomarkers to be measured simultaneously to better 
discriminate between pathologies.

6  �Particle Synthesis

A distinguishing feature of shaped particle agents is their synthesis. MRI contrast 
agents have always been produced by bottom-up chemical synthesis routes; shaped 
agents have instead leveraged top-down microfabrication techniques [149]. They 
are produced using the same technology that underpins the electronics revolution 
and the ever-present, but ever-shrinking, integrated circuit. Supported by an indomi-
table semiconductor industry, investment in micro- and nanofabrication research 
over many years has resulted in powerful sets of tools, able to pattern materials with 
features that are now reaching less than a hundred atoms on a side. Although not 
used before for contrast agent synthesis, the extraordinary control that such tools 
offer over both structure shape and composition makes them a good choice for a 
contrast agent whose function depends on its geometry and material makeup. Of 
course, an MRI contrast agent is quite different from an integrated circuit and their 
microfabrication does require adaptation of traditional microfabrication protocols, 
but several routes have already been proven [126, 127, 132, 133, 150].

Top-down fabrication is not without its limitations, however. As the billions of 
transistors in each of today’s billions of smartphones abundantly prove, top-down 
microfabrication is well suited to the creation of very small, very precise structures 
in a massively parallel manner. But throughput still cannot match that possible 
through bottom-up chemical synthesis, which may lack the precision, but which can 
produce large volumes of particles at a time. And even though resulting microfabri-
cated components need not be expensive, the necessary microfabrication tools 
themselves are sometimes out of reach of academic labs, limiting the number of 
researchers that might otherwise be able to further develop particle-based multi-
spectral contrast agent technology. Ironically then, while microfabrication is a key, 
enabling technology for proof-of-principle demonstrations of new structures and 
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new functionalities, a current handicap of such structures may be precisely their 
dependence on such technology.

An open question remains whether it might be possible to chemically synthesize 
all or some of the above shaped contrast agent structures with sufficient geometrical 
accuracy and size monodispersity. Having resonance frequencies determined by 
structure shapes allows differently “colored” agents to be engineered; but it also 
means that any errors in particle geometry, or variations in shape across a batch of 
particles, can reduce or blur their distinguishing spectral signals. Precise shape con-
trol can be difficult through bottom-up synthesis and monodispersity often deterio-
rates as particle sizes increase beyond a few tens of nanometer in size. But this is not 
to say that it is impossible either. Given the particles’ large frequency-shifted sig-
nals, some trade-off between simplicity of particle synthesis and resulting spectral 
resolution may be acceptable. As the above particle zoo indicates, skill in the bot-
tom-up chemical control of shapes is also quickly growing. Or perhaps hybrid 
template-based syntheses might offer simpler approaches. Although lower through-
put than bottom-up chemical synthesis, they might nonetheless yield particles in 
reasonable quantity, particularly if compatible with some form of roll-to-roll pro-
cessing [151].

7  �Conclusion

In some ways, shaped agents can be regarded as a mix between particle-based T2 
and molecular-based (PARA)CEST agents, borrowing advantages from both. Based 
on magnetic particles, they provide T2 contrast while remaining selectively address-
able through frequency-shifted signals similar to those of CEST agents. In principle 
they can be made from exactly the same material as a T2 agent, just reshaped to add 
identifying spectral content. And they can be imaged through similar gradient-echo 
T2-weighted pulse sequences while their spectral information is acquired via similar 
signal-amplifying magnetization transfer protocols used with CEST agents, just 
driven now by diffusion, rather than chemical exchange.

But there are differences too. Deliberately shaped nano- and microparticles rep-
resent a considerable departure from traditional MRI contrast agents, an approach 
that may still be too new for its potential, or its pitfalls, to be fully appreciated yet. 
Their more controlled synthesis through top-down microfabrication has enabled 
new particle functionality and allowed precise tuning of desired contrast properties. 
But less accessible fabrication equipment has thus far also limited uptake in the 
community, retarding what might otherwise be more rapid development of the tech-
nology and fuller exploration of its potential. Currently, at around a micrometer in 
size, the shaped agents are also still relatively large compared to most (though not 
all) other MRI contrast agents. This need not necessarily be a detriment [152]. Their 
size may already be adequate for cell tracking studies—indeed, cell viability and 
tracking have already been tested using larger chemically synthesized spherical par-
ticles [63]. But to increase biological utility and reduce size-related biological deliv-
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ery issues, sizes will ultimately need to be reduced further. This is not impossible: 
in theory, agents should continue to function down to below 100 nm size scales, but 
such agents must still be developed and proven in practice.

Exactly how and where such new shaped agents may find their largest impact is 
therefore still unclear. Possibly new classes of structures with new properties still 
await discovery. Viewing them as RF analogs to quantum dot or plasmonic nanopar-
ticles suggests a variety of potential applications within biology and beyond. What 
does seem already clear, however, is that magnetic particle shape, not just size, 
enables novel imaging and sensing functionalities, offering new avenues to explore 
in the burgeoning field of nanoparticle-based biomedical imaging.
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Magnet-Targeted Delivery and Imaging

P. Stephen Patrick, Quentin A. Pankhurst, Christopher Payne, 
Tammy L. Kalber*, and Mark F. Lythgoe*

1  �Introduction

Magnetic nanoparticles, in combination with applied magnetic fields, can non-invasively 
focus delivery of small-molecule drugs and human cells to specific regions of the 
anatomy. This emerging technology could solve one of the main challenges in therapy 
development: delivery of a high concentration of the therapeutic agent to the target 
organ or tissue whilst reducing systemic dosing and off-target side effects. Several 
challenges, however, must be met before this technology can be applied either effec-
tively or safely in the clinic to augment therapies.

Multiple nanoparticle features interact to influence the efficiency of magnet-
targeted delivery, and so their design will have a large influence on the success of 
therapeutic targeting. For example iron oxide core size and composition affect the 
type (superparamagnetism/ferrimagnetism/antiferromagnetism) and strength of 
magnetism, and thus the amount of force that can be applied by an external magnetic 
field. Furthermore, particle behaviour within biological systems can be affected by 
particle size and coating, including their cell uptake, extravasation rate, circulation 
time, clearance, aggregation, and degradation.

To assess the impact of these factors on particle biodistribution and success of 
delivery, it is useful to be able to image nanoparticles non-invasively with a clinically 
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available imaging modality. One solution to this is the use of magnetic resonance 
imaging (MRI), which is sensitive to the presence of magnetic particles, such as iron 
oxide, in most biological tissue. This can give high-resolution anatomical informa-
tion on particle location, providing a translatable method to confirm delivery success. 
However, MRI lacks the quantitative ability to assess whole-body biodistribution, 
and so the incorporation of other imaging agents, such as radionuclides, into particles 
could also be beneficial (see Chap. 10).

Preclinical researchers have investigated the use of magnetic targeting-based thera-
pies across a wide range of conditions, and positive results have been reported [1, 2]. 
Furthermore, improved drug delivery to tumours has been demonstrated in the small 
number of clinical trials completed to date [3, 4]. Other potential cancer therapy applica-
tions include embolization and the delivery of radiotherapy agents, as well as the heating 
of targeted magnetic particles using alternating current magnetic fields for hyperther-
mia-based treatment or the controlled release of drugs [5]. For regenerative medicine, 
stem and progenitor cells have been targeted to specific organs such as the heart and 
brain to restore function to damaged tissue in mice and rats [6]. In the emerging field of 
“micro-robotics,” bacteria, magnetic particles, and microsurgical robots have been 
directed through the vasculature or organs in live animals or mazes using computer-
interfaced magnetic devices and real-time MRI to follow their progress [7–10].

In this chapter, we provide a basic introduction to the physical principles behind 
magnetic targeting technology, relevant design features of nanoparticles and mag-
netic targeting devices, an overview of preclinical and clinical applications, and an 
introduction to imaging magnetic particles in vivo.

2  �General Physical Principles

The magnitude and direction of force that can be exerted on a magnetic particle will 
determine its potential to be targeted. In general terms, this force depends only on 
the magnetisation of the particle (M), and the strength and spatial distribution of the 
magnetic field (B), as described by (1)

	
F M Bm = ´Ñ( )

	 (1)

In this, and the following equations, it is important to note that we are dealing with 
three-dimensional vectors that describe the resulting magnetic force, as well as the 

magnetic field and gradient; so for example Ñ =
¶
¶

¶
¶

¶
¶

æ

è
ç

ö

ø
÷x y z

, ,  is the vector gradient 

operator, and M ´Ñ( )  is a 3 3´( )  matrix with elements M
xx

¶
¶

, etc. In small 

magnetic fields, where M is linearly proportional to the applied magnetic field, Eq. 

(1) may be written as [1]
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where μo is the magnetic permeability constant of free space. The other variables are 
explained in more detail below:

	 Dc 	

The relative magnetic susceptibility of the particle: This can be understood as a ratio 
of the induced magnetisation to the strength of the inducing field, and is characteristic 
for each type of magnetic particle in a given arrangement. During targeting experi-
ments, the amount of force that can be exerted on the particle is proportional to Δχ, 
which is the difference between the magnetic susceptibility of the particle and that of 
the external medium. As the susceptibility of normal biological tissue and fluids, 
such as the blood, is usually negligible in comparison to the particle, Δχ is typically 
equivalent to the magnetic susceptibility χ of the particle.

	 Vm 	

The volume of the magnetic particle: (Note that we use “particle” to denote the 
magnetic entity that is being actuated, and that this may be a multicomponent entity, 
e.g. one in which many inorganic magnetic cores may be encapsulated in an organic 
matrix.) In cases where a cell or magnetoliposome is loaded with multiple magnetic 
particles and an aggregation of magnetic particles exists, the particles will typically 
behave as a single magnetic particle. For simplification the volume of the particles 
in this situation can be summed to estimate the force acting upon them:

	
B B´Ñ( )

	

The external magnetic field—both its strength, B B= , and its spatial variation 

(commonly referred to as the “magnetic field gradient”), as expressed by the vector 
product with the gradient operator: The amount of force that can be applied to a 
magnetic particle is proportional to the field strength, up to field strengths that 
approach the saturation magnetisation (Fig.  1a) for a given particle (typically 
0.5 < B < 1.0 T). Field strength depends on the strength of the magnetic device and 
the position of the particle relative to the magnetic field created by the device. The 
magnetic field gradient depends on the shape of the magnetic field that is produced 
by the magnetic targeting device, and the position of the particle within the field. 
The direction of the gradient is the main controllable parameter that will determine 
the direction of particle movement. In a uniform magnetic field lacking a gradient, 
the directional magnetic force acting upon a particle will be negligible.

As the magnetic force acting on a particle is only linearly dependent on magnetic 
field strength over a certain range, Eq. (2) is not applicable for higher magnetic field 
environments, where the particle approaches its saturation magnetisation, Ms. This 
can be visualised on the hysteresis curve (Fig. 1), which shows the induced magne-
tism of a magnetic particle on the y-axis in response to increasing external magnetic 
field strength along the x-axis. At higher field strengths, another approximation can 
be used to estimate the force [11]:
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F
V M L x

B
B Bm

m s

o

=
( )

´Ñ( )
m

	
(3)

where L x x x( ) = ( ) -coth 1  is the Langevin function for x V M B k To= m m s B/ , kB is 

Boltzmann’s constant, and T is temperature. By incorporating the Langevin func-
tion into this equation, it becomes possible to model the sigmoidal induction of 
magnetisation in response to increasing field strength seen on the hysteresis curve 
(Fig. 1), overcoming the assumption of linearity in Eq. (2). This allows Eq. (3) to be 
used for any field strength. Please see Riegler et al. for further details [11].

Fig. 1  Hysteresis curves showing net particle magnetisation induced by varying external field 
strength, for (a) superparamagnetic, (b) ferromagnetic (or ferrimagnetic), (c) paramagnetic, and 
(d) diamagnetic materials. Particle magnetisation in an applied field for (e) superparamagnetic, (f) 
single-domain ferromagnetic (or ferrimagnetic), (g) multi-domain ferromagnetic (or ferrimag-
netic), (h) paramagnetic, and (i) diamagnetic materials. Net magnetisation in the absence of a 
magnetic field for (j) superparamagnetic, (k) single-domain ferromagnetic, (l) multi-domain fer-
romagnetic, (m) paramagnetic, and (n) diamagnetic materials. Further explanations on the differ-
ent forms of magnetism can be found in Sect. 3.1
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As the saturation magnetisation becomes relevant at higher field strength, this 
might influence the choice of magnetic material used. Of the two most common 
types of iron oxide used in magnetic particles, magnetite (Fe3O4) typically has 
higher saturation magnetism than maghemite (γ-Fe2O3), though higher values are 
found in some metals and alloys (Table 1).

Counteracting the magnetic force, targeting efficiency will be affected by addi-
tional physical parameters specific to the precise anatomical context, including fluid 
velocity (vw) and viscosity (η), difference in particle or cell velocity and fluid veloc-
ity (Δv), and particle or cell radius (Rm). These can be used to calculate the drag 
force acting on the particle and against the magnetic force that is exerted on a par-
ticle within a given fluid [1]:

	
F R vd m= 6ph D

	

As drag force is proportional to the surface area of a particle, smaller particles will 
experience greater drag per unit volume than larger particles or particle-loaded cells 
or liposomes. Therefore the resulting force will be proportionally greater the larger 
the object to be targeted, assuming that it is well loaded with magnetic particles. 
Though in general this means that larger magnetic particles and particle-loaded enti-
ties will be targeted more effectively in the vasculature, in some circumstances this 
might be offset to a degree by certain advantages of smaller particles, such as increased 
extravasation and diffusion rate through certain tissues, which is discussed in part 3.4 
of this chapter. Mathematical modelling of the forces affecting magnetic particle 
targeting in biological tissues has been further explored by Nacev et al. [12].

Table 1  Bulk saturation 
magnetisation for selected 
minerals and metals/alloys at 
room temperature [12]

Composition Magnetic order Ms (emu/g)

Fe3O4 Ferrimagnetic 90–92

γ-Fe2O3 Ferrimagnetic 70–80

α-Fe2O3 Canted-antiferromagnetic 0.4

CoFe2O4 Ferrimagnetic 80

MnFe2O4 Ferrimagnetic 77

NiFe2O4 Ferrimagnetic 51

Co Ferromagnetic 161

CoFe Ferromagnetic 235

Fe Ferromagnetic 218

Ni Ferromagnetic 55

Ni3Fe Ferromagnetic 120

(Note that size and surface effects may lead to lower Ms 
values in nanoparticulate materials than those listed here.) 
Most magnetic particles used for biomedical applications 
are iron oxide based, and consist of either maghemite or 
magnetite. Nanoparticles made from metal alloys such as 
CoFe would have greater saturation magnetisation than 
iron oxides, potentially providing more force at high field 
strengths
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3  �Magnetic Particles

3.1  �Particle Size and Magnetism

Core size and material affect the type and potential strength of magnetism that a 
particle displays (Fig. 2), which in turn influences how it behaves in magnetic tar-
geting applications. (Temperature also has a significant effect, but in this chapter it 
should be taken as read that the ambient temperature is in the room/body tempera-
ture range.) In the low nanometre range (up to 2–30 nm depending on the material 
[13]) most iron-, nickel-, and cobalt-based magnetic materials are superparamag-
netic—they are magnetic only in the presence of an external magnetic field, and 
their magnetism increases with external magnetic field strength up to their satura-
tion magnetisation (Fig. 1 a, e, j).

Up to a higher size limit (50–100 nm, again dependent on the material [13]) the 
same materials will possess a single magnetic domain (Fig. 1 b, f, k). When a par-
ticle is in the single-domain state, its internal magnetisation is aligned in the same 
direction, whereas in multi-domain particles each domain may point in a different 
direction. In the application of a magnetic field, individual single-domain magnetic 
particles do not increase their magnetisation, which remains at saturation (Ms); how-
ever, multiple neighbouring particles that are initially magnetised in varying direc-
tions (along their easy axis of magnetisation) will align with the magnetic field in 
chains (if in solution), or against their easy axis if they are not free to rotate. This 
increases the net magnetisation of the group and therefore the amount of directional 
magnetic force that can be applied to the particles by a field gradient.

At larger sizes, the magnetic cores will split into multiple non-aligned domains 
to reduce the internal energy of the particle (Fig. 1g, l). These are known as multi-
domain magnetic particles. Domain wall motion can be induced by an external field 

Fig. 2  Particle core size 
and material determine 
whether particles display 
superparamagnetism, 
single-domain or 
multi-domain 
ferromagnetism/
ferrimagnetism [13]
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to increase the net magnetisation, with domains that are magnetised in directions 
favoured by the applied field growing at the expense of unfavourably oriented 
domains, and saturation magnetisation may be reached if a sufficiently strong exter-
nal field is applied. The field strength at which this is achieved, and the retention of 
magnetic domain alignment after removal of an external magnetic field (known as 
remanence), can be determined from a hysteresis curve for the particles (Fig. 1). 
Though the same net effect is seen in groups of single-domain particles due to mag-
netic anisotropy, this is due to different underlying reasons as illustrated in Fig. 1.

The magnetic susceptibility of a given assembly of particles is influenced by the 
above factors, such as the composition and magnetic structure of the particle core. 
Magnetic susceptibility is important for targeting applications, as it is proportional 
to the amount of magnetic force that can be applied below field strengths at which 
the magnetisation is saturated. This can also be visualised on a hysteresis curve 
(Fig. 1). This allows us to compare magnetic properties for several potential candi-
date magnetic particles to determine which will be most suitable for a specific mag-
netic targeting application. This is particularly important when considering 
nanoparticles originally made for use as MRI contrast agents (superparamagnetic 
iron oxide particles—SPIOs), which were not designed for the effective production 
of force, but for their ability to produce local magnetic field inhomogeneities result-
ing in areas of hypo-intensity in T2-weighted MR images (due to de-phasing of the 
surrounding 1H proton spins). For this reason, some MRI contrast agents are not 
well suited for certain magnetic targeting applications due to their small core size, 
especially the ultra-small SPIOs or USPIOs.

Despite this potential mismatch in required design features between the two 
applications, some SPIOs designed as MRI contrast agents do have suitable proper-
ties for particular magnetic targeting applications. Among these are some of the 
SPIO particles approved for human use by the FDA, Endorem (Feridex), and 
Ferucarbotran (Resovist), which have both been used successfully for a number of 
preclinical magnetic targeting studies [2] (Table  2). Furthermore, most commer-
cially available SPIOs have been designed for low toxicity and good cell uptake and 
stability, which also suits them to both cell tracking with MRI and magnetic target-
ing applications that use cells.

3.2  �Particle Aggregation

Particle aggregation can be promoted by both biological and magnetic factors, and 
might be beneficial or detrimental according to the type of magnetic targeting appli-
cation and the duration and scale of aggregation. As superparamagnetic particles are 
magnetic only in the presence of a magnetic field, they will not magnetically aggre-
gate in zero field. However, temporary chains of superparamagnetic particles can 
form at sufficiently high concentration and field strength as a result of attractive 
dipole-dipole interactions [14]. Permanent magnetic particles however will cluster 
together in the absence of an external magnetic field, and will form chains parallel 
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to an applied external field. Clustering and the formation of chains in particles and 
particle-loaded cells are also dependent on their concentration, surface charge and 
chemistry, and viscosity and flow rate of the solution. This can be modelled for a 
given scenario to predict the optimal parameters to use [30, 31].

For some applications requiring the production of vascular embolisms, particle 
aggregation is desirable, and larger magnetic particles into the micron range or above 
have been used for this purpose [32, 33]. For other applications such as drug or cell 
delivery that require even distribution throughout a tissue and efficient extravasation, 
aggregation will impede delivery and so the use of smaller single-domain or super-
paramagnetic particles might be more effective [34]. However, the tendency of par-
ticles to form temporary chains or small aggregations during delivery will increase 
the amount of force that can be applied by an external field and can increase targeting 
efficiency, so this must be balanced against the probability of embolization to achieve 
optimum delivery. In addition to tuning particle size, the balance between the appli-
cation of sufficient force and the possibility of embolization can be achieved by 
assessing a range of targeting device field strengths for a given application [22].

Recent work has also suggested that microfabricated particles comprising multi-
layer stacks of alternating magnetic and non-magnetic materials can be used to 
avoid aggregation. These can be produced with diameters on the scale of multido-
main ferromagnetic particles (2 μm), but with zero remanence, and with an efficient 
switch to saturation magnetisation upon application of a given field strength [35]. 
This avoids some of the limitations associated with the aggregation of larger parti-
cles while retaining many of the benefits including the higher amount of force that 
can be applied per particle and increased circulation times (Sect. 3.4). The construc-
tion of larger composite particles from multiple small superparamagnetic cores can 
also avoid the magnetic aggregation typical of larger permanently magnetic parti-
cles while retaining the benefit of higher magnetic force per surface area and thus 
increased overall targeting efficiency. Several other methods can achieve similar 
effects, including the creation of “nanoworms” from strings of particles [36, 37], or 
embedding multiple superparamagnetic cores within dextran [38] or silica coating 
[39], hydrogel, [40], vesicles [41], or magnetoliposomes [42].

3.3  �Cell Uptake and Labelling

Particle size also affects cell uptake, and therefore the resulting amount of force that 
can be applied to a particle-loaded cell will be determined not only by the particle 
core size, but also by how many particles the cell has taken up. Around ten different 
biological mechanisms of particle uptake have been discovered in cells, and are 
active to varying degrees depending on the specific cell type and its environment, 
and the size, charge, and coating of the particle [43, 44]. These include non-specific 
uptake mechanisms such as macropinocytosis (particles around 1 μm) and caveolar-
mediated endocytosis (for particles ~60 nm), as well as receptor-dependent mecha-
nisms such as clathrin-mediated endocytosis (~120  nm) and clathrin-and 
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caveolin-independent endocytosis (~90  nm) [45]. Due to the complexity of cell 
uptake mechanisms, it is difficult therefore to predict with accuracy the range of 
particle sizes that will be taken up effectively by a given cell type, except for cells 
that have already been investigated with similar particles. Generally, particles 
between 20 and 200 nm in diameter are more effectively taken up by most non-
phagocytic cell types than particles either side of that range [46–48], though 
increased particle charge will improve the uptake of larger particles into the micron 
scale [48]. In addition to this, other interacting variables such as particle shape, stiff-
ness, and surface chemistry will affect the uptake. A complete discussion of this 
topic falls outside the scope of this chapter and the reader is referred to a recent 
comprehensive review [44].

As most commercially available and FDA-approved magnetic particles designed 
for imaging applications fall within this range of 20–200 nm, and have been opti-
mised for cell uptake by size and surface coating, these have found successful use 
in several magnetic cell-targeting studies [2] and can be used for reference in 
designing particles for this purpose (Table 2).

When labelling adherent cells with magnetic particles, uptake can sometimes be 
promoted by application of a magnetic field. This has been demonstrated with a 
range of particle and cell types [49, 50]. Additionally, this technique can be used to 
simultaneously introduce DNA to the cell (known as magnetofection), which might 
be useful if the cells are to be used for gene therapy [51].

Addition of antibodies to the particle surface can also promote uptake or attach-
ment to specific cell types, according to the choice of antibody. In this way, cells can 
be labelled either prior to implantation or in vivo. For example, antibody-labelled 
magnetic particles administered intravenously can label specific cell types within 
the circulation, allowing these cells to be magnetically targeted to specific locations 
within the body for therapeutic purposes. This strategy has been demonstrated to 
improve repair of infarct myocardium using circulating stem cells [6]. Here a dual 
mechanism of targeting was demonstrated, in which cells were targeted to the heart 
using a magnetic field, and also by the particles that displayed antibodies for both 
the stem cell and for the damaged cardiac tissue. As this approach required only the 
intravenous administration of the particles, translation would be more straightfor-
ward than in therapies in which cells must be harvested, isolated, and labelled before 
being given to the patient. This strategy might also prove effective for magnetic 
targeting of antibody-based drugs, or together with the delivery of other small-
molecule drugs or therapeutics such as siRNA (see Chap. 7) contained in magneto-
liposomes or adsorbed to the particle surface.

3.4  �Targeting Particles for Drug and Therapeutic Delivery

The required design features of particles that are to be used directly for therapy 
differ from those that are to be used to label cells, as do the constraints on these. 
This is due to several biological and physical factors.
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For example, particle size affects extravasation rate and diffusion though tissue, 
and will affect the ability to target regions distant to the vasculature. This may be a 
particular concern for certain applications such as drug delivery to poorly vascular-
ised metastases, or the targeting of particles for hyperthermia therapy. The effect of 
particle size on diffusion and extravasation can be modelled in a number of ways, and 
used to predict the range of particle sizes that might benefit from magnetic targeting, 
or which would be effective in a given tissue. In cases where particle size falls outside 
this range (20–400 nm, based on a simulation of tumour tissue), delivery by endog-
enous diffusion mechanisms might prove superior to targeting strategies [34].

Clearance of particles by the reticuloendothelial system (RES) and renal filtra-
tion are also dependent on size. Renal filtration will quickly clear the majority of 
circulating particles under 5 nm, but barely any that are above 9 nm [52]. Larger 
particles can be cleared by immune cells including Kupffer cells in the liver, mono-
cytes, spleen, and macrophages, which engulf nanometre- to micron-sized particles, 
decreasing delivery to the target organ. Targeting efficiency will therefore be 
improved the faster the particles can be attracted to the target site, before clearance 
has occurred, though this may be challenging when most particles are cleared on the 
first-pass circulation post-injection. The rate at which particles are scavenged in this 
way is affected by their coating and size. It is outside the scope of this chapter to 
review this topic in detail, but several modifications can reduce RES uptake such as 
polyethylene glycan (PEG) coating, which has been demonstrated to enhance the 
circulation time of particles and improve magnetic targeting efficiency [53]. The 
utility of PEGylation in reducing RES uptake is further illustrated by the results 
achieved with Doxil—a liposomal formulation of doxorubicin, and the first nano-
encapsulated drug to obtain clinical approval [54].

Another strategy in reducing RES uptake utilises the properties of red blood 
cells, which naturally evade clearance and achieve long circulation times through a 
combination of their size, surface composition, and charge. For this reason they 
have been used in magnetic targeting applications for drug delivery [55, 56]. In one 
study red blood cells were loaded with a drug for photodynamic therapy and tar-
geted to the tumour, resulting in a decrease in tumour volume following photother-
apy compared to non-magnetically targeted control conditions [56]. In an adaptation 
of this concept, nanoparticles can be coated with extracted cell membrane of red 
blood cells, thereby “cloaking” the underlying material. This provides a strategy to 
utilise the unique binding properties of red blood cells to diseased tissue and patho-
gens [57], and could facilitate particle-based drug delivery to sites of inflammation 
in combination with magnetic targeting.

On the other hand, several iron oxide contrast agents for MRI, including those 
that have been clinically approved, were originally designed with size and surface 
coatings to optimise their uptake by the RES, for the purpose of imaging uptake in 
the liver. These might not therefore be optimal for magnet-targeted delivery of drugs 
due to their increased clearance rate.

To bypass normal clearance mechanisms, several magnetic targeting studies 
have opted for local delivery to the target organ using a directed injection [4, 26, 
58], instead of a systemic injection. For example in a clinical trial targeting hepato-
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cellular carcinoma, particles were injected via a catheter inserted into the hepatic 
artery, which could be moved intraoperatively between the acquisition of magnetic 
resonance images to ensure that particles were effectively delivered to the entire 
tumour (Fig. 3) [3]. This strategy can reduce the number of particles or cells that can 
be cleared by the RES prior to reaching the site of interest, increasing the efficiency 
of delivery. Though this approach increases the invasiveness of the technique, it 
may be required in several situations to achieve effective delivery. However, some 
difficult-to-target organs such as the brain have been efficiently targeted using a 
systemic intravenous injection of particles [38], though this may depend on blood-
brain-barrier breakdown related to specific disease states. Together, these results 
suggest that both systemic and local delivery can be effective.

Fig. 3  (a) Diagram depicts the mode of action of magnetic targeted therapy. After leaving the 
intra-arterial catheter, magnetically targeted carrier (MTC) doxorubicin is drawn out of the artery 
into surrounding tumour and/or liver tissue by the influence of the local magnetic field (image 
courtesy of FeRx). (b) 5 kG portable magnet used for magnetic targeted therapy. The overall height 
of the magnet and holding apparatus is 1.4 m. (c–f) Coronal single-shot spin-echo MR images 
(839/80, one signal acquired, 6 mm section thickness) obtained, c, before MTC-DOX administra-
tion and, d, after the first, e, the second, and, f, the third dose of MTC-DOX. The selective hepatic 
arterial catheter was repositioned between each dose [3]. Figure reproduced from Wilson et al. 
Hepatocellular carcinoma: Regional therapy with a magnetic targeted carrier bound to Doxorubicin 
in a dual MR imaging/conventional angiography suite—Initial experience with four patients. 
Radiology 2004;230:287–293, with permission from the Radiological Society of North America
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Particle size also affects the surface area-to-volume ratio, which is relevant to the 
adsorption of drugs to the particle surface. However, there is a trade-off between the 
motivations of using smaller particles, and the increased force that can be gained 
from using larger particles, and so a range of particle sizes can be considered. For 
example, magnet-targeted drug delivery in the clinic has been trialled across a scale 
of particle sizes: 100 nm particles coated with glucose and bound to epirubicin [4], 
and 0.5–5 μm sized particles with an activated carbon coating bound to doxorubicin 
[3]. Even larger metallic objects in the millimetre scale have been used for targeting 
and hyperthermia therapy, which does not require the same extent of extravasation 
and distribution of particles, due to transfer of heat across tissue [7].

For targeting tumours, particle retention can be improved by the enhanced per-
meability and retention (EPR) effect, which has been well documented to improve 
delivery [59]. As this effect relies on leaky vasculature and diffusion of particles 
through the extracellular space, it is a size-specific phenomenon, with the enhance-
ment of particle retention decreasing with particle diameters above 30 nm in one 
tumour model [60], though this will differ to some degree depending on tumour 
type and nature of its vascularisation. Though enhanced nanoparticle delivery is 
achievable in difficult-to-access sites, such as brain tumours with magnetic target-
ing [61], one limitation of magnetic targeting for cancer treatment is the issue of 
metastases, which can be remote, disperse, and difficult to identify. These factors 
would limit the ability for targeting to be used, as they might require a separate 
targeting field to be applied for each site that could be identified.

For drug delivery it is also necessary to consider the attachment of cargo to the 
particle. In the simplest form this can rely on absorption of the drug onto the particle 
surface [3, 4]. However controlled release of the drug can be achieved if it is trapped 
in a solid coating, such as silica, around the magnetic particle. By heating the par-
ticle using a focused alternating field around the target tissue, as during a hyperther-
mia treatment, the coating can be made to melt, thereby releasing the drug [5, 41]. 
Similar strategies can be employed to release drugs from magnetoliposomes [62].

4  �Magnetic Devices for In Vivo Targeting

Appropriate selection or design of magnetic targeting devices depends largely on 
the anatomical region to be targeted. Other considerations include the sort of parti-
cle that will be targeted (small superparamagnetic particles will typically require a 
stronger magnetic field and field gradient to exert the same force on them than larger 
or permanent single-magnetic-domain particles), as well as the type of steering and/
or imaging that is required for the application. Several broad categories of magnetic 
targeting device will now be discussed, including their benefits, limitations, and 
applications to which they are suited.
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4.1  �Permanent Magnets

Small permanent magnets have found wide use in preclinical magnetic targeting studies, 
as they are readily available and provide high field strengths and gradients over a rela-
tively small area, without the larger hardware size or cooling required for electromag-
nets. While suitable for tissue depths of a few centimetres, the limited spatial extent of 
such fields would restrict their external use in the clinic to targeting superficial tissue [3, 
4], unless the particles are delivered to the internal site by direct injection (Fig.  3). 
Furthermore, a single permanent magnet cannot produce a local maximum of field gra-
dient within the patient (unless surgically implanted—see below), meaning that for 
practical purposes that magnetic particles will be attracted from the inside of the patient 
to the surface of the magnet to produce a focal accumulation towards the skin, rather 
than vice versa. This makes it difficult to target an internal location non-invasively or 
achieve an even distribution of particles throughout a target organ. One solution to this 
is to change the location of the magnet during the targeting procedure, for example from 
one side of the liver to the other, so that the targeted particles are more evenly spread out 
[34]. This was demonstrated ex vivo to increase the concentration of magnetic particles 
within poorly perfused liver metastases by 1.8-fold above diffusion alone, and was pre-
dicted to be effective for particles in the 30–500 nm diameter range, with normal diffu-
sion acting more effectively than targeting for smaller particles [34]. Another option is 
the implantation [18] or stereotactic insertion of magnets [32, 33]. While this can achieve 
effective targeting to internal organs, it does not completely avoid the invasive proce-
dures associated with more traditional surgical implantation methods. Alternatively, 
magnetic stents can be manoeuvred to a specific point of the vasculature to achieve tar-
geting of cells or particles [63], but again this is invasive and only useful for targeting 
areas that are accessible in this way.

4.2  �Permanent Magnet Arrays

By superimposing two or more magnetic fields in an array of permanent magnets, some 
of the limitations of single permanent magnets can be overcome to produce more com-
plex field shapes and gradients. With certain configurations this can allow the device to 
remain external to the target tissue and steer magnetic particles away from the magnet 
itself. A simple example is two bar magnets that have been arranged so that their fields 
overlap to create a remote point from which magnetic particles are pushed away from 
the magnet (Fig. 4). This has been posited as a solution for magnetically “injecting” 
nanomedicines into the inner ear [64], and has been validated in a rat model over dis-
tances relevant to use in the human ear [65]. This is important as the ear is behind the 
blood-brain barrier and can be a difficult organ in which to achieve drug delivery. It is 
also protected by the tympanic, round window, and oval membranes, and magnetic 
targeting using a “pulling” magnetic field from the opposite side of the head would 
require an unfeasibly strong magnetic field to achieve the same amount of force [64].
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Using the same principles an optimal 2D Halbach array of 36 magnets was com-
putationally designed to create a pushing force at 10 cm distance with nine times the 
force achievable with only two magnets of the same overall volume and field 
strength [66]. These results hold promise for the development of relevant clinical 
devices, as one of the challenges in translating preclinical results will be scaling up 
the technology for use with greater tissue depths.

As well as increasing the magnetic pushing force that can be applied at a specific 
point, 2D and 3D Halbach arrays can also be designed to increase the attractive 
force from permanent magnets [66]. A relevant example is the Halbach cylinder 
[26], which is a circular array of permanent magnets that can be built to fit around a 
limb and target cells or magnetic particles for retention within a specific portion of 

Fig. 4  (a) Two permanent 
magnets arranged at an 
angle can create a remote 
focal point about which 
magnetic particles may be 
repelled. (b) This magnet 
configuration has been 
proposed as a way to 
deliver magnetic particles 
to deep-tissue locations 
such as the inner ear [63, 
64]. (c) Cylindrical 
Halbach array of 
permanent magnets [26], 
where the arrows show the 
direction of force. (d) The 
Halbach array pictured in 
(c) can be used to retain 
therapeutic cells within the 
vasculature, providing 
potential regenerative 
effects in cases of 
peripheral limb ischemia 
[11, 26]
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the vasculature (Fig. 4c, d). This has been suggested as a good solution to achieve 
targeting of therapeutic cells for peripheral limb ischemia [11, 26]—currently one 
of the largest disease areas being investigated in clinical cell therapy trials.

Though arrays of permanent magnets are a promising solution to several applica-
tions due to their relatively low cost, size, and ease of operation, several limitations 
apply. One of the most important of these is predicted in Earnshaw’s theorem, which 
holds that for most situations relevant here, no arrangement of static magnetic fields 
will create a remote focal area in the magnetic field in which magnetic particles will 
accumulate. The next section will discuss electromagnets, which can be used to 
work around this limitation.

4.3  �Electromagnet-Based Arrays

Using computer-interfaced control, electromagnet-based systems can produce 
switchable and tuneable field gradients to direct magnetic particles along a three-
dimensional route controlled in real time. This can be illustrated by several working 
examples, including a “magnetic stereotaxis” system based on four electromagnets 
which was capable of guiding a magnetic pellet along a defined route within a live 
dog brain to enable hyperthermia treatment of a glioma [7]. In a development of this 
system, a clinical sized magnetic stereotaxis device based on six superconducting 
coils was built, and validated on a gelatin brain phantom [67]. X-ray imaging capa-
bility in this device allowed particle movement to be monitored intraoperatively, so 
that feedback adjustments could be made to steer and improve navigational accu-
racy. This type of image-guided, focused non-invasive tumour ablation is currently 
only achievable with radiosurgical techniques such as “gamma-knife” therapy, 
which are prone to damage the healthy surrounding tissue, whereas a targeted 
hyperthermia-based treatment might avoid this due to the higher heat tolerance of 
normal tissue.

Computer-interfaced electromagnetic devices can also control much smaller 
magnetic devices on a fine scale, for example for steering micro-robots within the 
eye [9]. This has been demonstrated with control of both robot orientation and 
direction of movement, and is proposed as a solution to enable microsurgery and 
drug delivery in what is another difficult organ on which to operate. This was dem-
onstrated during testing through the control of a magnet attached to a hypodermic 
needle, which was used to pierce a target blood vessel in vivo [9].

For control of multiple particles at once, as might be beneficial in a nanoparti-
cle drug delivery system, an array of eight electromagnets was used together with 
a sequence of directional magnetic pulses to cause accumulation at an external 
focal site [68]. This technique made use of the ability of ferromagnetic rods to be 
rotated and moved by the application of external fields. More examples on particle 
delivery with electromagnets will be given in the next section, which will discuss 
the use of MRI scanners for targeting applications.
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4.4  �Targeting Using MRI Systems

Though designed for imaging and not particle manipulation, MRI scanners share 
several features with the purpose-built electromagnet-based targeting systems 
described in the previous section. Their high magnetic field strength and controlla-
ble field gradients have been used for a handful of targeting applications, while their 
imaging capability can provide feedback on particle location during delivery.

Proof-of-concept studies show in vitro that human cells loaded with magnetic parti-
cles can be targeted using unmodified preclinical MRI scanner gradients in vascular 
flow models [20]. Further work expanded upon this to steer oncolytic virus-producing, 
iron oxide-loaded macrophages to sites of pulmonary and prostate tumours in vivo, 
resulting in enhanced tumour necrosis [69]. Simultaneous targeting and imaging have 
also been achieved using an MRI scanner to control a millimetre-sized magnetic sphere 
within live pig vasculature [70], and to direct magnetotactic bacteria around a maze [8]. 
Magnetic drug-encapsulating particles have also been directed in this way to either the 
right or the left lobe of the rabbit liver, providing a potential treatment for tumour metas-
tases, this time with the aid of additional gradients optimised for particle steering [58]. 
The use of MRI hardware for magnetic targeting is advantageous in that high-resolution 
imaging can be performed with the same equipment at intervals during the targeting 
experiment [8, 58, 70]. In this way, particle accumulation can be seen in near-real time, 
allowing feedback adjustments on the field gradient to improve targeting efficiency. One 
limitation to this approach is that the field gradients present in clinical MRI scanners 
typically have maximum values of 40–70 mT/m, which is an order of magnitude or two 
below those produced in some dedicated magnetic targeting devices [7, 67]. A solution 
to this is the addition of “propulsion” gradient sets to the MRI hardware without perma-
nent modification to improve targeting ability [58], which can increase the amount of 
force that can be applied. In theory this would facilitate the translation of this technology 
to the clinic, as the majority of the necessary hardware is already in place.

5  �Applications

To provide a general overview of what has been previously achieved and possible 
areas of future development or translation, in this section we will introduce some 
results reported in both clinical and preclinical magnetic targeting studies.

5.1  �Magnet-Assisted Embolization for Aneurysm and Tumour 
Treatment

In the first clinical use of magnetic targeting (1966), metallic thrombi were produced 
to block ruptured aneurysms in the brain [32, 33]. Large carbonyl iron particles 
injected into the carotid artery or site of aneurysm were targeted to two magnets 
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placed around the aneurysm to create a focal magnetic field (62 mm diameter, 375–
750 mm length), using a stereotactic frame and X-ray guidance. Thrombus formation 
upon particle aggregation within the aneurysm was confirmed by X-ray imaging. 
This involved less invasive surgery than established alternatives, as the magnetic 
probes were inserted through small-diameter burr holes in the skull instead of expos-
ing the brain to the site of aneurysm. Importantly, remote aneurysms that were too far 
from the skull to be otherwise operable could also be targeted, and dozens of patients 
were successfully treated. In a later refinement to the technique, magnetic particles 
were mixed with a rapidly polymerising acrylic to stabilise the particle aggregation 
post-injection and prevent the original metallic thrombus fragmenting [71]. Following 
this work, the same group tested the idea of using magnetic emboli to occlude tumour 
vasculature, though this did not progress to clinical testing [72]. Interest in this tech-
nique has been recurrent, with recent work combining magnetic tumour embolization 
with the delivery of radiotherapy using yttrium-90-conjugated magnetic particles 
[73]. In another example, a clinical MRI scanner equipped with an additional “pro-
pulsion gradient” set was used to target the formation of magnetic particle emboli in 
either the right or the left lobes of rabbit liver [58]. This suggests that non-invasive 
targeting of emboli might be possible in the clinic with little modification to currently 
available hardware, and without the need for invasive probe insertion.

5.2  �Cancer Hyperthermia

The low heat resistance of tumour cells compared to healthy normal tissue can facili-
tate their selective killing when the target cancerous area is heated [74]. This can be 
achieved using a number of methods including whole-body heating, heating of 
inserted probes, and heating of targeted magnetic nanoparticles using an alternating 
current magnetic field or radiofrequency (RF) field. The first clinical demonstration 
was described in 1957 in gastrointestinal tract lymph node metastases [75], in which 
magnetic particles were injected into the lymphatic system, and then heated using an 
RF field. Interest in hyperthermia continues, with a number of recent clinical studies 
investigating iron oxide nanoparticle hyperthermia with alternating current magnetic 
fields in prostate tumours [76] and glioblastoma [77]. These trials have relied on direct 
injection of the particles without magnetic targeting, and though preclinical work has 
suggested the combination of these two procedures, few convincing demonstrations 
have been performed to date [78]. One study of note, however, combined the three-
dimensional magnetic steering of a small (mm scale) magnetic pellet through the 
brain of a dog, guided by magnetic resonance imaging to a specific location, followed 
by RF-induced heating of the pellet once it reached the target site [7]. This was sug-
gested as a possible future treatment for malignant gliomas and for combination with 
radiotherapy delivery. Though this was achieved using a pellet several millimetres in 
size, histological analysis showed that the particle did not cause haemorrhaging along 
its path. Adaptation for use with smaller particles might be possible and remove the 
need for direct brain implantation of the particle. The suitability of different magnetic 
particle types for hyperthermia has been systematically evaluated here [79].
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5.3  �Cell Targeting for Regenerative Medicine

Stem, progenitor, and differentiated cells have the potential to treat a range of currently 
incurable and degenerative diseases by initiating regenerative or immune-modulatory 
effects within the host tissue. A handful of cell therapies have gained approval for 
clinical use during the last 10 years, and many thousands more are currently being 
assessed in clinical trials [80]. It has therefore been suggested that cell therapy could 
become the third main class of therapeutic alongside small-molecule drugs and bio-
logical macromolecules, such as antibodies [81]; however such progress will rely on 
developments within the field and in associated technologies.

For many conditions, cell therapies require efficient delivery of cells to the afflicted 
organ or tissue, and this may be challenging without invasive surgical techniques or 
repeated implantations. The combination of magnetic targeting with cell therapy 
offers a solution to this by improving cell delivery and retention, and has increased 
treatment response compared to non-targeted controls in several preclinical disease 
models including myocardial infarction, brain ischemia, damaged skeletal muscle, 
skin wounds, bone fracture, spinal cord damage, and restenosis [2] (Table 2).

It is unclear in many cases if stem cells contribute to repair by differentiating into 
the cell types needed to reconstitute healthy tissue, or if their effect is mediated by 
paracrine signalling factors or immune modulation. It is likely that at least in some 
cases a combination of these effects is required, and so the ability of cells to main-
tain a therapeutic phenotype after magnetic particle labelling should be considered, 
including their ability to migrate and differentiate. To this end, it has been shown 
that it is possible to load mesenchymal stem cells with enough iron oxide particles 
to achieve magnetic targeting while retaining their differentiation capacity for mul-
tiple lineages [26]. As the potential toxic effects of magnetic particles are dependent 
both on particle and cell type, as well as the concentration of the particles used to 
label the cells, this would need to be established for each specific case.

This, however, assumes that the isolated therapeutic cells are to be loaded with 
magnetic nanoparticles and then transplanted into the patient. Though this is the 
dominant paradigm for magnet-targeted cell therapy [2], another strategy has 
recently been demonstrated to avoid many of the associated challenges. Here, iron 
oxide particles were labelled with antibodies specific for circulating stem cells, and 
then injected intravenously. These bound to stem cells within the blood supply, 
which were then targeted to the heart with an external magnetic field [6]. As the 
magnetic particles also had antibodies for damaged heart tissue, the targeting was 
achieved with both molecular and spatial specificity, and did not require the time-
consuming pre-isolation and labelling of stem cells ex vivo. Furthermore, a signifi-
cant increase in regeneration of ischemic heart tissue was achieved, and tracking of 
the particles to the heart was demonstrated using MRI [6]. By changing the antibod-
ies for cell type or tissue type, as well as altering the location of the external mag-
netic field, this strategy could be easily altered for repair of other tissues.

To replicate this success in the clinic, several challenges will need to be met, 
including the production of magnetic fields on the scale of the human anatomy, 
optimisation of field strength [22], and development of suitable magnetic particles 
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for labelling cells (Sect. 3.3). As a handful of magnetic particle types have already 
been approved for clinical use as MRI contrast agents, the latter of these barriers to 
translation is somewhat reduced (Table 2).

5.4  �Drug Delivery

Drug delivery is currently one of the largest areas of magnetic targeting research 
[82], and the only one within which more recent efforts have been made in the clinic 
[3, 4]. It is also well suited for combination therapy, having the potential for use 
with multiple drugs and therapy types such as hyperthermia [78], radiation therapy, 
photodynamic therapy [56], and embolization [10]. The idea of magnetically target-
ing drugs emerged in the 1970s, with the suggestion of using magnetic particle-
loaded erythrocytes [55] or magnetic microspheres as carriers [83]. The first 
preclinical demonstration of drug delivery showed that drug-carrying microspheres 
could be targeted to a specific section of the rat tail [83]. In this case, a 100-fold 
lower systemic dose of the targeted drug was needed as compared to the untargeted 
drug, to achieve the same local concentration in the targeted tissue. Early applica-
tion of this technique to tumour treatment resulted in total remission in the targeted 
group, while nearly all of the animals receiving a non-targeted treatment died [84]. 
By reducing dosing in off-target areas, this could in theory reduce many of the side 
effects associated with chemotherapy while allowing higher doses to be achieved in 
the tumour for increased therapeutic efficiency.

The first of the two clinical assessments of drug delivery to tumours was a phase 
I trial which gave 14 patients varying intravenous doses of 100 nm magnetic parti-
cles bound to epirubicin, with effective magnetic fields of 0.5–0.8  T applied to 
tumours for 60–120 min. In four of these patients, delivery of magnetic particles 
was visible as a discolouration of the tissue exposed to the magnetic field, and in all 
but five of the patients the presence of the particles was detectable with T2-weighted 
MRI [4]. All patients tolerated the therapy well, with no indications of toxicity and 
reduced side effects and plasma drug concentration compared to dosing with free 
epirubicin. However, the study concluded that the treatment of further patients 
would be needed to prove efficacy.

In the more recent clinical study that used doxorubicin bound to 0.5–5 μm sized 
particles injected into the tumour, four patients with hepatocellular carcinoma were 
treated in a phase I/II trial. In this study, tumours were characterised using angiog-
raphy to identify the hepatic artery branch that supplied the tumour and for catheter 
guidance. MRI was also used pre- and post-delivery of treatment to reveal the cov-
erage of the tumour with magnetic particles (Fig. 3). When particles were not deliv-
ered to the whole of the tumour, MRI was able to indicate this, allowing repositioning 
of the catheter and a second or third dosage to achieve greater coverage (Fig. 3c–f). 
This intraoperative assessment is a major advantage to using magnetic particle-
bound drugs, as this non-invasive assessment of drug delivery is not possible with 
most traditional therapies.
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Aside from cancer treatment, magnetic targeting has also been suggested as a 
method of delivery for anaesthetics such as lidocaine to the spine [85], and magnetic 
aerosols to the lung to treat a number of respiratory complaints [86], though prog-
ress in non-cancer applications has so far been limited.

5.5  �Bacterial Targeting and Therapy

The concept of treating tumours with bacteria has been around for a number of 
decades, with effective oncolysis demonstrated in several human studies with non-
pathogenic Clostridium species [87, 88]. Recent work indicates a renewed interest 
in bacterial therapies in general [89], including the use of genetically modified drug-
synthesising bacteria [90], and magnetotactic bacteria [91–93]. Magnetotactic bac-
teria synthesise multiple aligned nanoscale magnetic particles along their axis in 
order to align themselves with geomagnetic fields (Fig. 5). This increases their abil-
ity to overcome Brownian motion and move in a consistent direction. In environ-
ments such as lakes, this is often combined with hypoxia sensing, allowing migration 
of the bacteria to low-oxygen environments in which they preferentially grow. This 
hypoxia seeking has been exploited in the development of potential therapies, as it 
promotes tumour infiltration by the bacteria, which can be detected using MRI [92].

Fig. 5  Transmission electron micrograph showing aligned magnetotactic Magnetospirillum sp. 
bacteria. Individual magnetosomes are made of solid magnetite and appear as dark structures 
~40 nm in diameter
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Further work has demonstrated that bacteria can be attached to larger molecules 
such as nanoliposomes or microbeads, which might be useful for tumour drug deliv-
ery [94, 95]. One of the advantages of using bacteria to deliver drugs is that a certain 
amount of self-propulsion can be achieved from the flagellum, which can act together 
with the directional steering achieved by external magnetic fields. This has been 
demonstrated using an MRI scanner to steer magnetic bacteria around a maze [8].

Aside from the use of whole magnetotactic bacteria, the magnetic particles (mag-
netosomes) isolated from these have also been used for a number of applications due 
to the high quality of their magnetic material. This includes the magnetic targeting of 
human cells [28], hyperthermia [93], as well as their use as contrast agents for MRI.

6  �Imaging Magnetic Particles

A handful of techniques exist for imaging magnetic particles. The most widely 
available of these is MRI [96], though the more recently developed technique known 
as magnetic particle imaging (MPI) does offer some advantages such as increased 
quantification and sensitivity [97], despite the lack of anatomical information that it 
provides.

6.1  �Imaging with MRI

As most commonly used, MRI produces images based on the water proton (1H) 
signal present in biological tissue. Anatomical detail is provided by differing proton 
relaxation rates which vary with the composition of different tissues, such as their 
water, lipid, and solute contents. Further contrast can be produced by the presence 
of paramagnetic, superparamagnetic, or magnetic particles. MRI has several advan-
tages over other imaging modalities, including the high resolution of the images that 
can be acquired non-invasively, as well as the structural and functional information 
that can be obtained. This is illustrated in Fig. 3c–f, which clearly shows the struc-
ture of the liver on the left-hand side of the image, along with the tumour, intestines, 
and abdominal fat. For this reason, both preclinical and clinical magnetic targeting 
studies have used MRI, demonstrating its utility in the confirmation of particle or 
cell delivery to the target site [3, 8, 42, 61, 73]. For a more detailed introduction to 
MRI, see Gadian [96].

Though numerous methods of producing contrast can be achieved with MRI, it 
is the T2 and T2* relaxation mechanisms that are typically most relevant for imaging 
magnetic particles. T2 relaxation, also known as transverse relaxation, or spin-spin 
relaxation, is a measure of the rate at which the net magnetisation in the xy-plane is 
lost following an RF pulse that flips the net magnetisation into the xy-plane from the 
z-axis. Specifically, it is the time taken for the signal to decay to 37 % of its initial 
value following the RF pulse.
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Transverse relaxation is influenced by several factors which can be separated out 
into T2 and T2* effects. Transverse relaxation (T2) is shorter in environments with 
high macromolecular content (which appear darker), and longer in tissues with 
higher water content (which appear brighter), though other factors also affect T2 
relaxation. Magnetic particles appear as hypo-intense (dark) areas on the image, 
though this results mainly from a T2*effect. T2* effects, such as magnetic field inho-
mogeneities, can alter the transverse relaxation rate by increasing the rate at which 
the de-phasing of spins occurs, and can be separated out from T2 effects with certain 
pulse sequences. To reduce the effect of these T2* factors, and produce a more T2-
weighted image, a specific type of pulse sequence called a spin echo can be used. To 
produce a T2*-weighted image, which is more sensitive to the detection of super-
paramagnetic species such as iron oxides, a gradient-echo sequence can be used in 
which the de-phasing resulting from T2 factors is reversed by a magnetic field gradi-
ent. These T2*-weighted images, however, can be more sensitive to image artefacts 
caused by non-uniform magnetic fields present in the bore of the magnet.

T2 contrast agents, such as magnetic particles, shorten the T2 and T2* time of nearby 
water molecules by de-phasing their spins with the magnetic field inhomogeneities 
around the particle, thus reducing the amount of signal collected from the surrounding 
water when the echo is recorded. This results in a hypo-intense or dark area on the 
image, which indicates the presence of magnetic particles in the tissue (Fig. 3).

The detection of magnetic particles with MRI can be very sensitive, allowing hun-
dreds or fewer to be tracked in optimal conditions [98], and can be further improved by 
using long imaging times. However, in most settings this is limited by practical consid-
erations such as how long the patient or animal can be kept within the scanner.

The ability to detect magnetic particles can also be complicated and unreliable in 
certain areas, such as the lungs or haemorrhages, where natural signal voids already 
occur. Another limitation is the quantification of magnetic particle number, which 
can also be challenging due to the saturation of contrast produced by focal accumu-
lations of magnetic particles, and reduced detection sensitivity in areas with endog-
enous signal voids. If quantitative biodistribution data on particle location is 
required, it is recommended that particles are radiolabelled with isotopes for posi-
tron emission tomography (PET), which provides complementary information to 
MRI in many circumstances. Further information on imaging nanoparticles with 
other modalities can be found in the relevant chapters in this book.

6.2  �Magnetic Particle Imaging

MPI differs from MRI in that the signal is obtained directly from the magnetic par-
ticles [97], and not from the effect they have on the spin of nearby water protons. 
For this reason it has several potential advantages, including the ability to quantify 
magnetic particle concentration within the host tissue, increased accuracy of iden-
tifying regions containing magnetic particles, increased sensitivity, and possibility 
of performing “multi-color” imaging using magnetic particles. Despite these 
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factors, however, MPI does not on its own produce anatomical data, and so is best 
performed alongside CT or MRI imaging, has lower spatial resolution, and is also 
not yet widely available. A recent review covering the physical principles and 
nanoparticle tracers for magnetic particle imaging can be found here [99], and also 
in Chap. 4 of this book by Connolly.

6.3  �Multimodality Imaging

Though MRI can enable the non-invasive detection of magnetic particles in the 
clinic, it does not provide some types of information that would be useful to the 
development of magnetic targeting techniques, such as whole-body quantitative 
biodistribution data. Radionuclide imaging (positron emission tomography (PET), 
and single-photon emission computed tomography (SPECT)) has many of the fea-
tures also associated with MRI, including their clinical availability and non-
invasiveness, and though they provide lower resolution images there are several 
complementary features. Radionuclide imaging relies on the detection of gamma 
rays emitted following radioactive decay of isotopes used to label the molecule, 
particle, or cell of interest. Unlike MRI, these techniques can provide quantitative 
whole-body detection of labelled molecules, allowing the non-invasive assessment 
of particle biodistribution to quantify the effects of magnetic targeting procedures. 
Further information on the design of magnetic particles for radionuclide imaging 
can be found in Chaps. 10–12. For tracking cells with PET or SPECT, the choice of 
isotope depends on how long the cells need to be tracked. One option is the use of 
111In-oxine (half-life of 2.8 days) and SPECT imaging, which has been used for 
tracking transplanted cells in the clinic for over 30 years. A recent modification to 
the technique uses 89Zr-oxine (half-life of 3.3 days) for PET imaging, which could 
potentially provide better sensitivity and quantification. Both of these techniques 
can allow cells to be tracked for over a week due to their long half-lives, while the 
use of other isotopes such as 99mTc (half-life of 6 h) can be used for cell tracking 
over shorter periods of time.

7  �Conclusions

Despite the numerous challenges involved in implementing magnetic targeting suc-
cessfully and safely, it remains an exciting and active area of preclinical research due 
to the wide range of potential clinical applications. In theory, these potentially cover 
the majority of drug- and cell-based therapies, but in practice this scope will be lim-
ited by several physical and biological considerations that have yet to be determined 
and will be specific to each case. Magnetically targeted delivery offers the ability to 
simultaneously increase local concentrations of the active agent while reducing sys-
temic dosing and off-target side effects. The inability to balance these so that the 
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dose in the target organ is sufficient to act therapeutically, while the systemic dose is 
low enough not to cause unwanted side effects, is the reason why many potential 
drug candidates fail, and why many approved drugs are limited in their efficacy. For 
cell therapies, the field is yet to become well established, but the improved treatment 
response achieved in several preclinical studies from using magnetic targeting dem-
onstrates the potential for its clinical use in the future [2].

Acknowledgments  ML receives funding from Medical Research Council (MR/J013110/1); the 
King’s College London and UCL Comprehensive Cancer Imaging Centre CR-UK & EPSRC, in 
association with the MRC and DoH (England); the National Centre for the Replacement, Reduction 
and Refinement of Animal in Research (NC3Rs); UK Regenerative Medicine Platform Safety Hub 
(MRC: MR/K026739/1); and Eli Lilly and Company. PS Patrick is funded by UK Regenerative 
Medicine Platform. TL Kalber is funded by an EPSRC Early Career Fellowship (EP/L006472/1).

References

	 1.	Pankhurst QA, Connolly J, Jones SK, Dobson J. Applications of magnetic nanoparticles in 
biomedicine. J Phys D Appl Phys. 2003;36(13):R167–81.

	 2.	Connell JJ, Patrick PS, Yu Y, Lythgoe MF, Kalber TL. Advanced cell therapies: targeting, 
tracking and actuation of cells with magnetic particles. Regen Med. 2015;10(6):757–72.

	 3.	Wilson MW, Kerlan Jr RK, Fidelman NA, Venook AP, LaBerge JM, Koda J, et al. 
Hepatocellular carcinoma: regional therapy with a magnetic targeted carrier bound to doxo-
rubicin in a dual MR imaging/conventional angiography suite—initial experience with four 
patients. Radiology. 2004;230(1):287–93.

	 4.	Lubbe AS, Bergemann C, Riess H, Schriever F, Reichardt P, Possinger K, et al. Clinical 
experiences with magnetic drug targeting: a phase I study with 4′-epidoxorubicin in 14 
patients with advanced solid tumors. Cancer Res. 1996;56(20):4686–93.

	 5.	Thomas CR, Ferris DP, Lee JH, Choi E, Cho MH, Kim ES, et al. Noninvasive remote-con-
trolled release of drug molecules in vitro using magnetic actuation of mechanized nanopar-
ticles. J Am Chem Soc. 2010;132(31):10623–5.

	 6.	Cheng K, Shen D, Hensley MT, Middleton R, Sun B, Liu W, et al. Magnetic antibody-linked 
nanomatchmakers for therapeutic cell targeting. Nat Commun. 2014;5:4880.

	 7.	Grady MS, Howard 3rd MA, Broaddus WC, Molloy JA, Ritter RC, Quate EG, et al. Magnetic 
stereotaxis: a technique to deliver stereotactic hyperthermia. Neurosurgery. 1990;27(6):1010–
5. discussion 5-6.

	 8.	Martel S, Mohammadi M, Felfoul O, Lu Z, Pouponneau P. Flagellated magnetotactic bacteria 
as controlled MRI-trackable propulsion and steering systems for medical nanorobots operat-
ing in the human microvasculature. Int J Robotics Res. 2009;28(4):571–82.

	 9.	Kummer MP, Abbott JJ, Kratochvil BE, Borer R, Sengul A, Nelson BJ. OctoMag: an electro-
magnetic system for 5-DOF wireless micromanipulation. IEEE Trans Robot. 2010;26(6): 
1006–17.

	 10.	Pouponneau P, Soulez G, Beaudoin G, Leroux JC, Martel S. MR imaging of therapeutic 
magnetic microcarriers guided by magnetic resonance navigation for targeted liver chemo-
embolization. Cardiovasc Intervent Radiol. 2014;37(3):784–90.

	 11.	Riegler J, Lau KD, Garcia-Prieto A, Price AN, Richards T, Pankhurst QA, et al. Magnetic cell 
delivery for peripheral arterial disease: a theoretical framework. Med Phys. 2011;38(7): 
3932–43.

	 12.	Nacev A, Beni C, Bruno O, Shapiro B. The behaviors of ferromagnetic nano-particles in and 
around blood vessels under applied magnetic fields. J Magn Magn Mater. 2011;323(6): 
651–68.

Magnet-Targeted Delivery and Imaging



148

	 13.	Krishnan KM. Biomedical nanomagnetics: a spin through possibilities in imaging, diagnos-
tics, and therapy. IEEE Trans Magn. 2010;46(7):2523–58.

	 14.	Faraudo J, Andreu JS, Camacho J. Understanding diluted dispersions of superparamagnetic 
particles under strong magnetic fields: a review of concepts, theory and simulations. Soft 
Matter. 2013;9(29):6654–64.

	 15.	Song M, Kim YJ, Kim YH, Roh J, Kim SU, Yoon BW. Using a neodymium magnet to target 
delivery of ferumoxidelabeled human neural stem cells in a rat model of focal cerebral isch-
emia. Hum Gene Ther. 2010;21(5):603–10.

	 16.	Kobayashi T, Ochi M, Yanada S, Ishikawa M, Adachi N, Deie M, et al. A novel cell delivery 
system using magnetically labeled mesenchymal stem cells and an external magnetic device 
for clinical cartilage repair. Arthroscopy. 2008;24(1):69–76.

	 17.	Arbab AS, Jordan EK, Wilson LB, Yocum GT, Lewis BK, Frank JA. In vivo trafficking and 
targeted delivery of magnetically labeled stem cells. Hum Gene Ther. 2004;15(4):351–60.

	 18.	Sasaki H, Tanaka N, Nakanishi K, Nishida K, Hamasaki T, Yamada K, et al. Therapeutic 
effects with magnetic targeting of bone marrow stromal cells in a rat spinal cord injury model. 
Spine. 2011;36(12):933–8.

	 19.	Kyrtatos PG, Lehtolainen P, Junemann-Ramirez M, Garcia-Prieto A, Price AN, Martin JF, et 
al. Magnetic tagging increases delivery of circulating progenitors in vascular injury. J Am 
Coll Cardiol Intv. 2009;2(8):794–802.

	 20.	Riegler J, Wells JA, Kyrtatos PG, Price AN, Pankhurst QA, Lythgoe MF. Targeted magnetic 
delivery and tracking of cells using a magnetic resonance imaging system. Biomaterials. 
2010;31(20):5366–71.

	 21.	Kodama A, Kamei N, Kamei G, Kongcharoensombat W, Ohkawa S, Nakabayashi A, et al. In 
vivo bioluminescence imaging of transplanted bone marrow mesenchymal stromal cells 
using a magnetic delivery system in a rat fracture model. J Bone Joint Surg Br Vol. 2012;94(7): 
998–1006.

	 22.	Shen Y, Liu X, Huang Z, Pei N, Xu J, Li Z, et al. Comparison of magnetic intensities for 
mesenchymal stem cell targeting therapy on ischemic myocardial repair: high magnetic 
intensity improves cell retention but has no additional functional benefit. Cell Transplant. 
2014;24(10):1981–97.

	 23.	Oshima S, Kamei N, Nakasa T, Yasunaga Y, Ochi M. Enhancement of muscle repair using 
human mesenchymal stem cells with a magnetic targeting system in a subchronic muscle 
injury model. J Orthop Sci. 2014;19(3):478–88.

	 24.	Vandergriff AC, Hensley TM, Henry ET, Shen D, Anthony S, Zhang J, et al. Magnetic target-
ing of cardiosphere-derived stem cells with ferumoxytol nanoparticles for treating rats with 
myocardial infarction. Biomaterials. 2014;35(30):8528–39.

	 25.	Yanai A, Hafeli UO, Metcalfe AL, Soema P, Addo L, Gregory-Evans CY, et al. Focused 
magnetic stem cell targeting to the retina using superparamagnetic iron oxide nanoparticles. 
Cell Transplant. 2012;21(6):1137–48.

	 26.	Riegler J, Liew A, Hynes SO, Ortega D, O’Brien T, Day RM, et al. Superparamagnetic iron 
oxide nanoparticle targeting of MSCs in vascular injury. Biomaterials. 2013;34(8):1987–94.

	 27.	Pislaru SV, Harbuzariu A, Gulati R, Witt T, Sandhu NP, Simari RD, et al. Magnetically tar-
geted endothelial cell localization in stented vessels. J Am Coll Cardiol. 2006;48(9): 
1839–45.

	 28.	Kang HJ, Kim JY, Lee HJ, Kim KH, Kim TY, Lee CS, et al. Magnetic bionanoparticle 
enhances homing of endothelial progenitor cells in mouse hindlimb ischemia. Korean Circ J. 
2012;42(6):390–6.

	 29.	Cheng L, Wang C, Ma X, Wang Q, Cheng Y, Wang H, et al. Multifunctional upconversion 
nanoparticles for dual-modal imaging-guided stem cell therapy under remote magnetic con-
trol. Adv Funct Mater. 2013;23(3):272–80.

	 30.	Riegler J, Allain B, Cook RJ, Lythgoe MF, Pankhurst QA. Magnetically assisted delivery of 
cells using a magnetic resonance imaging system. J Phys D: Appl Phys. 2011;44(5).

	 31.	Mathieu JB, Martel S. Aggregation of magnetic microparticles in the context of targeted 
therapies actuated by a magnetic resonance imaging system. J Appl Phys. 2009;106(4):44904.

P.S. Patrick et al.



149

	 32.	Alksne JF. Stereotactic thrombosis of intracranial aneurysms. N Engl J Med. 1971;284(4): 
171–4.

	 33.	Alksne JF, Fingerhut AG, Rand RW. Magnetic probe for the stereotactic thrombosis of intra-
cranial aneurysms. J Neurol Neurosurg Psychiatry. 1967;30(2):159–62.

	 34.	Nacev A, Kim SH, Rodriguez-Canales J, Tangrea MA, Shapiro B, Emmert-Buck MR. A 
dynamic magnetic shift method to increase nanoparticle concentration in cancer metastases: 
a feasibility study using simulations on autopsy specimens. Int J Nanomedicine. 2011;6: 
2907–23.

	 35.	Vemulkar T, Mansell R, Petit D, Cowburn RP, Lesniak MS. Highly tunable perpendicularly 
magnetized synthetic antiferromagnets for biotechnology applications. Appl Phys Lett. 
2015;107(1):12403.

	 36.	Park JH, von Maltzahn G, Zhang LL, Schwartz MP, Ruoslahti E, Bhatia SN, et al. Magnetic 
iron oxide nanoworms for tumor targeting and imaging. Adv Mater. 2008;20(9):1630.

	 37.	Wang GK, Inturi S, Serkova NJ, Merkulov S, McCrae K, Russek SE, et al. High-relaxivity 
superparamagnetic iron oxide nanoworms with decreased immune recognition and long-cir-
culating properties. ACS Nano. 2014;8(12):12437–49.

	 38.	Yu F, Zhang L, Huang Y, Sun K, David AE, Yang VC. The magnetophoretic mobility and 
superparamagnetism of core-shell iron oxide nanoparticles with dual targeting and imaging 
functionality. Biomaterials. 2010;31(22):5842–8.

	 39.	Yoon TJ, Lee H, Shao HL, Hilderbrand SA, Weissleder R. Multicore assemblies potentiate 
magnetic properties of biomagnetic nanoparticles. Adv Mater. 2011;23(41):4793.

	 40.	Paquet C, de Haan HW, Leek DM, Lin HY, Xiang B, Tian GH, et al. Clusters of superpara-
magnetic iron oxide nanoparticles encapsulated in a hydrogel: a particle architecture generat-
ing a synergistic enhancement of the T(2) relaxation. ACS Nano. 2011;5(4):3104–12.

	 41.	Sanson C, Diou O, Thevenot J, Ibarboure E, Soum A, Brulet A, et al. Doxorubicin loaded 
magnetic polymersomes: theranostic nanocarriers for mr imaging and magneto-chemother-
apy. ACS Nano. 2011;5(2):1122–40.

	 42.	Fortin-Ripoche JP, Martina MS, Gazeau F, Menager C, Wilhelm C, Bacri JC, et al. Magnetic 
targeting of magnetoliposomes to solid tumors with MR imaging monitoring in mice: feasi-
bility. Radiology. 2006;239(2):415–24.

	 43.	Doherty GJ, McMahon HT. Mechanisms of endocytosis. Annu Rev Biochem. 2009;78: 
857–902.

	 44.	Zhang S, Gao H, Bao G. Physical principles of nanoparticle cellular endocytosis. ACS Nano. 
2015;9:8655–71.

	 45.	Petros RA, DeSimone JM. Strategies in the design of nanoparticles for therapeutic applica-
tions. Nat Rev Drug Discov. 2010;9(8):615–27.

	 46.	Gratton SEA, Ropp PA, Pohlhaus PD, Luft JC, Madden VJ, Napier ME, et al. The effect of 
particle design on cellular internalization pathways. Proc Natl Acad Sci U S A. 
2008;105(33):11613–8.

	 47.	Thorek DLJ, Tsourkas A. Size, charge and concentration dependent uptake of iron oxide 
particles by non-phagocytic cells. Biomaterials. 2008;29(26):3583–90.

	 48.	Foged C, Brodin B, Frokjaer S, Sundblad A. Particle size and surface charge affect particle 
uptake by human dendritic cells in an in vitro model. Int J Pharm. 2005;298(2):315–22.

	 49.	Liu Q, Zhang J, Xia W, Gu H. Magnetic field enhanced cell uptake efficiency of magnetic 
silica mesoporous nanoparticles. Nanoscale. 2012;4(11):3415–21.

	 50.	Child HW, Del Pino PA, De La Fuente JM, Hursthouse AS, Stirling D, Mullen M, et al. 
Working together: the combined application of a magnetic field and penetratin for the deliv-
ery of magnetic nanoparticles to cells in 3D. ACS Nano. 2011;5(10):7910–9.

	 51.	Dobson J. Gene therapy progress and prospects: magnetic nanoparticle-based gene delivery. 
Gene Ther. 2006;13(4):283–7.

	 52.	Longmire M, Choyke PL, Kobayashi H. Clearance properties of nano-sized particles and 
molecules as imaging agents: considerations and caveats. Nanomedicine. 2008;3(5): 
703–17.

Magnet-Targeted Delivery and Imaging



150

	 53.	Cole AJ, David AE, Wang JX, Galban CJ, Hill HL, Yang VC. Polyethylene glycol modified, 
cross-linked starchcoated iron oxide nanoparticles for enhanced magnetic tumor targeting. 
Biomaterials. 2011;32(8):2183–93.

	 54.	Barenholz Y. Doxil(R)-the first FDA-approved nano-drug: lessons learned. J Contr Release. 
2012;160(2):117–34.

	 55.	Zimmermann U, Pilwat G. Organ specific application of drugs by means of cellular capsule 
systems (author’s transl). Z Naturforsch C. 1976;31(11–12):732–6.

	 56.	Wang C, Sun XQ, Cheng L, Yin SN, Yang GB, Li YG, et al. Multifunctional theranostic red 
blood cells for magnetic-field-enhanced in vivo combination therapy of cancer. Adv Mater. 
2014;26(28):4794.

	 57.	Hu CJ, Fang RH, Wang KC, Luk BT, Thamphiwatana S, Dehaini D, et al. Nanoparticle bio-
interfacing by platelet membrane cloaking. Nature. 2015.

	 58.	Pouponneau P, Bringout G, Martel S. Therapeutic magnetic microcarriers guided by mag-
netic resonance navigation for enhanced liver chemoembilization: a design review. Ann 
Biomed Eng. 2014;42(5):929–39.

	 59.	Fang J, Nakamura H, Maeda H. The EPR effect: Unique features of tumor blood vessels for 
drug delivery, factors involved, and limitations and augmentation of the effect. Adv Drug 
Deliv Rev. 2011;63(3):136–51.

	 60.	Cabral H, Matsumoto Y, Mizuno K, Chen Q, Murakami M, Kimura M, et al. Accumulation 
of sub-100 nm polymeric micelles in poorly permeable tumours depends on size. Nat 
Nanotechnol. 2011;6(12):815–23.

	 61.	Chertok B, Moffat BA, David AE, Yu FQ, Bergemann C, Ross BD, et al. Iron oxide nanopar-
ticles as a drug delivery vehicle for MRI monitored magnetic targeting of brain tumors. 
Biomaterials. 2008;29(4):487–96.

	 62.	Podaru G, Ogden S, Baxter A, Shrestha T, Ren S, Thapa P, et al. Pulsed magnetic field 
induced fast drug release from magneto liposomes via ultrasound generation. J Phys Chem B. 
2014;118(40):11715–22.

	 63.	Polyak B, Fishbein I, Chorny M, Alferiev I, Williams D, Yellen B, et al. High field gradient 
targeting of magnetic nanoparticle-loaded endothelial cells to the surfaces of steel stents. 
Proc Natl Acad Sci U S A. 2008;105(2):698–703.

	 64.	Shapiro B, Dormer K, Rutel IB. A two-magnet system to push therapeutic nanoparticles. AIP 
Conf Proc. 2010;1311(1):77–88.

	 65.	Sarwar A, Lee R, Depireux DA, Shapiro B. Magnetic injection of nanoparticles into rat inner 
ears at a human head working distance. Ieee T Magn. 2013;49(1):440–52.

	 66.	Sarwar A, Nemirovski A, Shapiro B. Optimal Halbach permanent magnet designs for maxi-
mally pulling and pushing nanoparticles. J Magn Magn Mater. 2012;324(5):742–54.

	 67.	McNeil RG, Ritter RC, Wang B, Lawson MA, Gillies GT, Wika KG, et al. Functional design 
features and initial performance characteristics of a magnetic-implant guidance system for 
stereotactic neurosurgery. IEEE Trans Biomed Eng. 1995;42(8):793–801.

	 68.	Nacev A, Weinberg IN, Stepanov PY, Kupfer S, Mair LO, Urdaneta MG, et al. Dynamic 
inversion enables external magnets to concentrate ferromagnetic rods to a central target. 
Nano Lett. 2015;15(1):359–64.

	 69.	Muthana M, Kennerley AJ, Hughes R, Fagnano E, Richardson J, Paul M, et al. Directing cell 
therapy to anatomic target sites in vivo with magnetic resonance targeting. Nat Commun. 
2015;6:8009.

	 70.	Martel S, Mathieu JB, Felfoul O, Chanu A, Aboussouan E, Tamaz S, et al. Automatic naviga-
tion of an untethered device in the artery of a living animal using a conventional clinical 
magnetic resonance imaging system. Appl Phys Lett. 2007;90(11):14105.

	 71.	Alksne JF, Smith RW. Iron-acrylic compound for steriotaxic aneurysm thrombosis. J 
Neurosurg. 1977;47(2):137–41.

	 72.	Turner RD, Rand RW, Bentson JR, Mosso JA. Ferromagnetic silicone necrosis of hyperne-
phromas by selective vascular occlusion to the tumor: a new technique. J Urol. 1975; 
113(4):455–9.

P.S. Patrick et al.



151

	 73.	Kobeiter H, Georgiades CS, Leakakos T, Torbenson M, Hong K, Geschwind JF. Targeted 
transarterial therapy of Vx-2 rabbit liver tumor with Yttrium-90 labeled ferromagnetic parti-
cles using an external magnetic field. Anticancer Res. 2007;27(2):755–60.

	 74.	Chu KF, Dupuy DE. Thermal ablation of tumours: biological mechanisms and advances in 
therapy. Nat Rev Cancer. 2014;14(3):199–208.

	 75.	Gilchrist RK, Medal R, Shorey WD, Hanselman RC, Parrott JC, Taylor CB. Selective induc-
tive heating of lymph nodes. Ann Surg. 1957;146(4):596–606.

	 76.	Johannsen M, Thiesen B, Wust P, Jordan A. Magnetic nanoparticle hyperthermia for prostate 
cancer. Int J hyperther. 2010;26(8):790–5.

	 77.	Maier-Hauff K, Ulrich F, Nestler D, Niehoff H, Wust P, Thiesen B, et al. Efficacy and safety 
of intratumoral thermotherapy using magnetic iron-oxide nanoparticles combined with exter-
nal beam radiotherapy on patients with recurrent glioblastoma multiforme. J Neuro-Oncol. 
2011;103(2):317–24.

	 78.	Bealle G, Di Corato R, Kolosnjaj-Tabi J, Dupuis V, Clement O, Gazeau F, et al. Ultra mag-
netic liposomes for MR imaging, targeting, and hyperthermia. Langmuir. 2012;28(32): 
11834–42.

	 79.	Jordan A, Wust P, Fahling H, John W, Hinz A, Felix R. Inductive heating of ferrimagnetic 
particles and magnetic fluids: physical evaluation of their potential for hyperthermia. 1993. 
Int J Hyperther. 2009;25(7):499–511.

	 80.	Heathman TR, Nienow AW, McCall MJ, Coopman K, Kara B, Hewitt CJ. The translation of 
cell-based therapies: clinical landscape and manufacturing challenges. Regen Med. 
2015;10(1):49–64.

	 81.	Fischbach MA, Bluestone JA, Lim WA. Cell-based therapeutics: the next pillar of medicine. 
Science translational medicine. 2013;5(179):179ps7.

	 82.	Estelrich J, Escribano E, Queralt J, Busquets MA. Iron oxide nanoparticles for magnetically-
guided and magnetically-responsive drug delivery. Int J Mol Sci. 2015;16(4):8070–101.

	 83.	Senyei AE, Reich SD, Gonczy C, Widder KJ. In vivo kinetics of magnetically targeted low-
dose doxorubicin. J Pharm Sci. 1981;70(4):389–91.

	 84.	Widder KJ, Morris RM, Poore GA, Howard DP, Senyei AE. Selective targeting of magnetic 
albumin microspheres containing low-dose doxorubicin: total remission in Yoshida sarcoma-
bearing rats. Eur J Canc Clin Oncol. 1983;19(1):135–9.

	 85.	Thiele RH, Colquhoun DA, Gillies GT, Tiouririne M. Manipulation of hyperbaric lidocaine 
using a weak magnetic field: a pilot study. Anesth Analg. 2012;114(6):1365–7.

	 86.	Dames P, Gleich B, Flemmer A, Hajek K, Seidl N, Wiekhorst F, et al. Targeted delivery of 
magnetic aerosol droplets to the lung. Nat Nanotechnol. 2007;2(8):495–9.

	 87.	Heppner F, Mose JR. The liquefaction (oncolysis) of malignant gliomas by a non pathogenic 
Clostridium. Acta Neurochir. 1978;42(1–2):123–5.

	 88.	Schmidt W, Fabricius EM, Schneeweiss U. The tumour-Clostridium phenomenon: 50 years 
of developmental research (Review). Int J Oncol. 2006;29(6):1479–92.

	 89.	Forbes NS. Engineering the perfect (bacterial) cancer therapy. Nat Rev Cancer. 2010;10(11): 
784–93.

	 90.	Jiang Y, Sigmund F, Reber J, Dean-Ben XL, Glasl S, Kneipp M, et al. Violacein as a geneti-
cally-controlled, enzymatically amplified and photobleaching-resistant chromophore for 
optoacoustic bacterial imaging. Sci Rep. 2015;5:11048.

	 91.	Martel S, Felfoul O, Mohammadi M, Mathieu JB. Interventional procedure based on nanoro-
bots propelled and steered by flagellated magnetotactic bacteria for direct targeting of tumors 
in the human body. Conf Proc IEEE Eng Med Biol Soc. 2008;2008:2497–500.

	 92.	Benoit MR, Mayer D, Barak Y, Chen IY, Hu W, Cheng Z, et al. Visualizing implanted tumors 
in mice with magnetic resonance imaging using magnetotactic bacteria. Clin Canc Res. 
2009;15(16):5170–7.

	 93.	Alphandery E, Faure S, Seksek O, Guyot F, Chebbi I. Chains of magnetosomes extracted 
from AMB-1 magnetotactic bacteria for application in alternative magnetic field cancer ther-
apy. ACS Nano. 2011;5(8):6279–96.

Magnet-Targeted Delivery and Imaging



152

	 94.	Taherkhani S, Mohammadi M, Daoud J, Martel S, Tabrizian M. Covalent binding of nanoli-
posomes to the surface of magnetotactic bacteria for the synthesis of self-propelled therapeutic 
agents. ACS Nano. 2014;8(5):5049–60.

	 95.	Park SJ, Park SH, Cho S, Kim DM, Lee Y, Ko SY, et al. New paradigm for tumor theranostic 
methodology using bacteria-based microrobot. Sci Rep. 2013;3:3394.

	 96.	Gadian DG. NMR and its applications to living systems, 2nd Edition. Oxford Science 
Publications. 1996.

	 97.	Gleich B, Weizenecker R. Tomographic imaging using the nonlinear response of magnetic 
particles. Nature. 2005;435(7046):1214–7.

	 98.	Heyn C, Ronald JA, Ramadan SS, Snir JA, Barry AM, MacKenzie LT, et al. In vivo MRI of 
cancer cell fate at the single-cell level in a mouse model of breast cancer metastasis to the 
brain. Magn Reson Med. 2006;56(5):1001–10.

	 99.	Bauer LM, Situ SF, Griswold MA, Samia AC. Magnetic particle imaging tracers: state-of-
the-art and future directions. J Phys Chem Lett. 2015;6(13):2509–17.

P.S. Patrick et al.



153

      Spinning to a Different Beat:  19 F Agents 
for “Hot-Spot” Cellular MR Imaging                     

     Edyta     Swider     and     Mangala     Srinivas    

1           Introduction 

 The imaging of cellular therapeutics plays a signifi cant and vital role in the develop-
ment, optimization, and personalization of such therapy, as it can provide essential 
information on cell localization, number, and functionality (Fig.  1a )   , thus allowing 
dosage and delivery optimization, among others. Magnetic resonance imaging (MRI) 
is an anatomic and functional imaging technique which excels at soft-tissue imaging, 
without limitations on penetration depth. MRI is one of the commonly used  imaging 
modalities   due to its excellent safety, noninvasive nature, high resolution, lack of ion-
izing radiation, and intrinsic anatomic contrast. Standard (i.e. most commonly used) 
MRI focuses on the detection of differences in relaxation rates of the protons ( 1 H) in 
mobile water molecules in various tissues. However, it is normally not possible to 
distinguish specifi c therapeutic cells from their surrounding cellular milieu without 
the use of a specifi c label for the relevant cells. There have been several approaches 
to develop  contrast agents (CAs)      to improve contrast, e.g., gadolinium or 
 superparamagnetic iron oxide (SPIO)     . However, metal CAs can be toxic, may not 
allow proper cell quantifi cation, and often require “before” and “after” images to 
detect changes in contrast. Only SPIO-based agents have been used in the clinic for 
 cell tracking   [ 1 ] and these agents are no longer commercially available.
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   In the last decade,  “hot-spot” imaging   has gained a lot of attention. Hot-spot 
imaging is hetero-nuclear MRI using  13 C,  23 Na,  31 P, or  19 F in addition to  1 H, 
which enables direct detection rather than indirect, as is the case for CAs 
(Fig.  1b ). Out of these four elements,  19 F has been the main focus as it is essen-
tially absent in biological tissues; thus there is no endogenous background sig-
nal, which makes it more attractive for hot-spot imaging [ 2 ]. One clear example 
of the advantage of the lack of background signal is a recent paper using  19 F MRI 
to track infl ammatory macrophages and monocytes in a murine model of multi-
ple sclerosis [ 3 ]. Here the  infl ammatory cells   were found not only in the diseased 

  Fig. 1    General  19 F MRI  cell labeling  . ( a ) A general protocol for  19 F MRI of labeled cells involves 
ex vivo labeling of the cells, transfer to the subject, and then imaging. A smaller number of studies 
use direct in vivo labeling, typically macrophages. ( b ) “Hot-spot” imaging. The fi gure demon-
strates the images typically obtained with T 1 , T 2  contrast agents, and a  19 F label. The contrast 
agents change the contrast in the anatomic ( 1 H) scan, while the  19 F image must be acquired sepa-
rately, rendered in false color, and is then typically superimposed over the standard anatomic scan 
(in  gray  scale). Thus, the detection of  19 F signal is less ambiguous, and, more importantly, the 
signal intensity directly relates to agent concentration, given suffi cient signal to noise. In practice, 
this means that the cell numbers can be estimated directly from image data, one of the main advan-
tages of the technique       
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spinal cord, as expected, but also in neighboring bone marrow tissue. This ability 
to locate  19 F signal even in unexpected locations without comparison to a 
“before” image, given a suffi cient signal- to- noise ratio, is one of the key advan-
tages of the technique. 

  19 F MRI has been applied as a powerful imaging tool for diverse  applications  , 
such as  cell tracking   [ 4 ], drug metabolism, plaque detection, and monitoring infl am-
mation. Cell tracking using  19 F MRI has been applied to various cell types, such as 
dendritic cells (DCs), T cells, stem cells, and macrophages [ 5 ]. In order to distin-
guish relevant cells from the background, they need to be labeled with fl uorinated 
labels, described in the following section.  

2     Fluorocarbons 

2.1     General Properties of Fluorine 

 Using  fl uorine   in MRI has several advantages as  19 F is a spin ½ nucleus, which 
means that it has an odd number of protons and neutrons and spherical charge dis-
tribution, and a gyromagnetic ratio close to the proton. Thus, for a given magnetic 
fi eld value, the spin processes at almost the same frequency, permitting the use of 
a conventional proton spectrometer to detect fl uorine [ 6 ]. Fluorine has 100 % natu-
ral abundance and an extremely broad chemical shift and is not naturally present in 
biological tissues and therefore has no biological background signal; the traces of 
fl uorine in bone and teeth exhibit a very short spin-spin relaxation time (T 2 ) and are 
not visible to conventional MRI methods [ 2 ]. In all, fl uorine MRI gives a very high 
contrast-to-noise ratio and specifi city, in a situation where a fl uorinated element is 
introduced as a contrast  agent  . Such agent requires a very high density of  19 F nuclei 
on the molecule in addition to a high tissue concentration in order to produce an 
image quality such as the one of  1 H MRI. However, it is important to realize that the 
administered levels of  19 F will still be many orders of magnitude lower than the 
amount of  1 H present in biological tissues, and thus, despite all its advantages in 
terms of imaging properties, the low concentrations of  19 F frequently result in 
images that hover at the detection limit with low signal-to-noise ratios (SNRs). 
Finally, some fl uorocarbons show a T 1  sensitivity to oxygen tension, which may 
allow its use as an in vivo sensor [ 2 ]; alternatively, this T 1  variability can be a nui-
sance, hindering accurate quantifi cation.  

2.2     Fluorinated  Compounds/Molecules   

 An example of fl uorinated compounds includes fl uorinated peptides, polymers, and 
also fl uorinated small molecules, such as sugars; however these result in much 
lower cell loading and, as a result, a lower detection sensitivity. Small fl uorinated 
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molecules have lower  19 F content than larger fl uorocarbons, such as perfl uorocar-
bons (PFCs); however their advantage is that they can be used to study cell func-
tionality [ 5 ]. Despite this benefi t, the insuffi cient sensitivity of the small molecules 
makes them less attractive for in vivo use. Recent developments in small fl uorinated 
molecules include fl uorinated albumin [ 7 ] and self-assembling nanoparticles sensi-
tive to their environment [ 8 ], although neither of these have been applied to cell 
 tracking  . Some examples are listed in Table  1 .

   There have been limited studies using fl uorinated drugs (see Table  1 ). The limit 
here is the high reactivity and electronegativity of fl uorine, which when incorpo-
rated into a drug can signifi cantly alter drug chemistry and subsequent metabolism. 
Chemical shift artifacts can also be an issue. For all these reasons, such small mol-
ecules are seldom used for cell tracking.  

2.3     Perfl uorocarbons 

  Perfl uorocarbons (PFCs)      are synthetic molecules mainly composed of carbon and 
fl uorine atoms (see Table  2  for a summary of their physical properties). Depending 
on their chemical structure and molecular weight, PFCs exist in a gaseous, liquid, or 
even solid form. The compounds are extremely stable, generally have low vapor 
pressures, and are inert. PFCs do not react with living tissues due to their carbon- 
fl uorine bonds, which cannot be metabolized in vivo, and they have low intermo-
lecular forces, and hence, the surface tension of the liquid form of PFCs is extremely 
low. Most  PFCs   have a surface tension of 14–18 dyne/cm [ 9 ]. As gases, PFCs show 
some toxicity, while in a liquid form they are relatively safe [ 10 ]. Clearance of PFC 
agents from the body generally occurs via the mononuclear phagocyte system 
(MPS) uptake (phagocytic cells primarily in lymph nodes, spleen, and liver) and 
fi nally lung exhalation. Some PFCs can also bind and dissolve oxygen. This led to 
their early use as blood substitutes, although the idea has been commercially aban-
doned. PFCs are still used clinically, for example for partial liquid ventilation 
[LiquiVent, Alliance Pharmaceutical Corporation], eye surgery [Perfl uoron™, 
Alcon ®  Inc., USA], and as ultrasound contrast  agents   as gas bubbles [Sonovue ® , 
Bracco International B.V.] (Fig.  2a ).

    PFCs have now found their use as imaging labels for ultrasonography, computed 
tomography, and  19 F MRI. Their use in the latter imaging method is especially 
benefi cial, as PFCs have a high payload of fl uorine atoms, which makes  19 F MRI a 
promising modality for in vivo quantitative imaging, including in vivo cell 
tracking. Here, liquid PFCs are more suitable, as they result in the most favorable 
imaging characteristics. 

 For imaging purposes, PFCs offer a high  19 F density per molecule, and thus high 
sensitivity, provided that multiple fl uorine resonances do not occur. To avoid such 
chemical shift artifacts, PFCs such as ring ethers or longer linear ether chains are fre-
quently used [ 5 ,  11 ]. The most frequently used  19 F MRI labels consist of perfl uorooctyl 
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bromide (PFOB), perfl uoro-15-crown-5-ether (PFCE), and a linear PFPE polymer 
mixture, which is commercialized as Cell Sense (Celsense Inc., Pittsburgh PA, 
USA). Characteristics of examples of these PFCs are shown in Table  1 , while 
Fig.  2b  shows the structure of PFCE, PFOB, and PFPE. 

 PFCs have a unique  and      sometimes undesirable characteristic, in that they are 
fl uorophilic, i.e., simultaneously lipophobic and hydrophobic (Fig.  2b ). 
Consequently, PFCs separate when placed in an aqueous environment and are 
immiscible in cell membranes. Because of this, they require emulsifi cation, to 
form nanoemulsions, or entrapment into particles to achieve stability in biologi-
cal environments. In such forms, PFCs can also be used to label cells for in vivo 
cell tracking.   

3      19 F MRI Labels 

 The ideal  19 F label needs to have certain characteristics, described in more detail 
elsewhere [ 2 ]. Briefl y, such an agent has to be biologically inert and chemically 
stable. Fluorinated compounds should be nontoxic for the host and have minimal 
impact on labeled cell function. The label needs to be suitable for cell uptake, with 
smaller droplets or particles for intracellular labeling and potentially larger ones 
for blood pool imaging. What is more, cells need to take up suffi cient amounts of 
the label in order to be detected (ranging from 0.5 to 30 × 10 12 19 F atoms/cell) [ 5 ]. 
The “suffi cient amount” is based on the number of cells per voxel and T1 and T2 

characteristics of the compound. Last, but not least, the  19 F compounds must have 
benefi cial relaxation parameters, with a short T 1  and a long T 2  [ 2 ]. Typical labels 
are composed of a fl uorinated molecule and a coating or surfactant which stabilizes 
the fl uorocarbon to make it more suitable for  cell labeling   and cell uptake (Fig.  3 ).

   In general, high signal density per molecule is necessary. Therefore, most labels 
consist of fl uorocarbon or even liquid PFCs such as  perfl uoropolyethers (PFPE),   
typically administered as nanoemulsions with droplet sizes around 100–300 nm. 
Due to their poor miscibility, PFCs need to be “packaged” to stabilize them in aque-
ous biological environments. These packaging techniques are discussed in the fol-
lowing section. 

   Table 2    General physical properties of various PFCs used in cell tracking   

 Perfl uorocarbon  Formula 
 Molecular 
weight 

 Density (g/
mL) 

 Boiling point 
(°C) 

 Perfl uoropentane  C 5 F 12   288  1.62  26–36 
 Perfl uorohexane  C 6 F 14   338  1.76  58–60 
 Perfl uorooctyl bromide  C 8 F 17 Br  499  1.93  140.5 
 Perfl uorononane  C 9 F 20   488  1.80  126 
 Perfl uorodecalin  C 10 F 18   462  1.99  144 
 Perfl uoro-15-crown-5-ether  C 10 F 20 O 5   580  1.78  145 
 PERFECTA  C 21 H 8 F 36 O 4   1008  2.09  ND 
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  Fig. 2    Perfl uorocarbons. ( a ) PFCs are currently in clinical use, as both gases and liquids. Shown 
is an ultrasound microbubble contrast agent containing sulfur hexafl uoride gas (Sonovue ® ) and a 
perfl uorooctane liquid used in eye surgery (Perfl uoron™). ( b ) Most cell labels are perfl uorocar-
bons (PFCs), polymers of carbon and fl uorine. These compounds have unique properties; in par-
ticular they mix with neither aqueous nor organic solvents. Some of the more commonly used 
PFCs for cell tracking are PFOB, PFCE, and PFPE, shown here       
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3.1     Label Formulation: “ PFC Packaging  ” 

  Cell tracking   applications require PFCs to be formulated into a biocompatible 
label. There are several methods to formulate fl uorinated labels. The route of syn-
thesis depends on the type of label, its size, properties, and addition of extra mol-
ecules, e.g., fl uorescent dyes. Emulsions are prepared via emulsifi cation processes 
using, e.g., sonication or microfl uidization. Emulsions should have a small, uni-
form droplet size, ideally smaller than 200 nm, as larger droplets may affect cell 
activation phenotype post-labeling [ 11 ]. However, the poor affi nity between the 
PFC, surfactant, and aqueous continuous phase can limit emulsion stability. 
Furthermore, it can be diffi cult to add additional agents such as fl uorescent dyes, 
drugs, or antibodies without changing the emulsion properties. Furthermore, the 
addition of extra moieties to an emulsion can result in separation of those moieties 
from PFC in the cell or in vivo, with no assurance of their localization. Recently, 
nanoparticles have received a lot of interest [ 5 ,  12 ], due to their enhanced stability. 
A key advantage of using particles is that the components of the particles can be 
modifi ed without altering the formulation protocol.  

3.2      Emulsions   

 Emulsions are the simple product of vigorously mixing oil and water. More 
specifi cally, an emulsion is a suspension of two immiscible liquids. In the literature, 
emulsion droplets are frequently referred to as “particles” but to avoid confusion, 

F3C
F3C

F3C
F3C F3C

F3CCF3
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CF3 CF3
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CF31

  Fig. 3    PFCs stabilized for  cell labeling  . PFCs, being simultaneously hydrophobic and lipophobic, 
must be stabilized for use in aqueous environments. Most often, this is done using emulsion drop-
lets, where a liquid PFC is coated with a liquid surfactant. Some groups work with particles, con-
taining a liquid PFC in a solid polymer. The fi nal option is a large fl uorinated molecule. Reproduced 
with permission from Ref. [ 14 ]       
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here particles are defi ned as solids which can be isolated from and added back to the 
continuous phase (water or buffer) without undergoing changes other than hydra-
tion, with the particles being able to be stored as powder. Emulsion droplets cannot 
be isolated in such fashion without losing stability. 

 Emulsions are the most commonly used cell labels due to their high content of 
PFCs per droplet and simplicity of production. Emulsions consist of an immisci-
ble compound that is surrounded by a surfactant. The role of the surfactant is to 
stabilize the formed droplets in the continuous phase (water) and delay the PFC 
from settling out and coalescing to form a separate layer.  PFC   emulsions for MRI 
generally exhibit poor stability due to the fact that the surfactant used cannot be 
miscible with both the PFC and water, unless it is a fl uorinated surfactant. 
Fluorinated surfactants are avoided, due to the potential for toxicity and the chem-
ical shift artifacts that can result from the added fl uorine. PFC emulsions are 
described in more detail elsewhere [ 13 ]. 

 Recently a new compound called PERFECTA has been developed as a  19 F MRI 
tracer. PERFECTA is a superfl uorinated molecular probe suitable for in vivo cell 
tracking. It has high detection sensitivity, a single, sharp resonance peak, and attrac-
tive T 1  and T 2  values [ 14 ]. PERFECTA is not fully fl uorinated, but has a hydrocar-
bon polar core and four ether bonds, which might undergo enzymatic degradation 
in vivo. Most other recent studies have focused on conventional, existing PFCs [ 12 , 
 15 – 17 ]. Figure  3  shows a representation of an emulsion droplet, a nanoparticle, and 
a large fl uorinated molecule.  

3.3      Micelles      

 Micelles are lipid-based compounds composed of amphiphilic molecules that 
undergo spontaneous self-assembly in an aqueous solution. This spontaneous 
self- assembly is due to the amphipathic nature of the molecule. To form a micelle, 
the amphiphilic molecules arrange in a way where the hydrophobic groups create 
a core, while the hydrophilic groups are on the outside and have contact with 
water [ 18 ]. The size of micelles ranges from 2 to 20 nm, and it depends on their 
composition, modifi cations, and concentration. There have been several studies 
incorporating a hydrophilic Gd(III) chelate into micelles for in vivo imaging [ 19 –
 21 ] to enhance the T 1  MRI contrast. Micelles can be further modifi ed with groups 
that bind to specifi c targets.  

3.4      Dendrimers      

 Dendrimers are nanoscale macromolecules that have well-defi ned polymeric chains 
which branch off from a central core. They can be functionalized with polyfl uori-
nated groups and targeting moieties. Dendrimers modifi ed with Gd(III) chelate 
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show increase in rotational correlation times which leads to strong enhancement in 
T 1  relaxation rates when compared to lower molecular weight chelates [ 18 ]. 
Dendrimers typically present prolonged retention times within the vascular system 
in comparison to lower molecular weight chelates, which usually undergo a fast 
renal clearance. 

 Dendrimers are very appealing in  19 F MRI label design due to large number of 
surface functional groups which can be reacted with polyfl uorinated precursors, 
leading to materials with potentially high concentrations of fl uorine nuclei [ 18 ]. 
However, it is possible that dendrimers may be metabolized in vivo leading to 
potentially toxic compounds. In general, less is known about these extremely large 
molecules and their in vivo behavior.  

3.5      PFC Nanoparticles      

 Particles are an attractive alternative for  19 F MRI compared to conventional 
liquid emulsion droplets, as they are more stable and can be frozen as a dry 
powder for easy storage and transport [ 5 ]. PFC nanoparticles typically consist 
of a PFC entrapped in a solid polymer. We previously reported on stable encap-
sulation of PFC in  poly( D , L -lactide- co -glycolide acid) (PLGA)   particles [ 22 ]. 
The PFC-PLGA particles were prepared using single-emulsion solvent-evapo-
ration method. In this method, the polymer is dissolved in an organic solvent, 
and the PFCE is added. Next, this organic phase is added to an aqueous solution 
containing surfactant under sonication. The role of surfactant is to stabilize the 
cells and prevent Ostwald ripening (which is very common in emulsions, includ-
ing PFC emulsions) [ 23 ]. Sonication is then followed by solvent evaporation, 
and washing and freeze-drying of particles. After the last step, particles can be 
stored in a powder form for extended periods of time. PLGA-PFC particles can 
be easily modifi ed with targeting ligands, and fl uorescent dyes, and they can 
also be used to encapsulate drugs. 

 There are several methods to characterize PFC nanoparticles, for example dynamic 
light scattering, electron microscopy, and  nuclear magnetic resonance (NMR)     . The 
fi rst two methods are used to study diameter, while  19 F  NMR      is used to measure fl uo-
rine content. PFC particles prepared with solvent evaporation method typically have 
a diameter of 200 nm, comparable to many PFC emulsion droplets.   

4      Cell Labeling      

 Most of the studies performed thus far in this fi eld have used naturally phagocytic 
cells, such as macrophages or DCs. These types of cells readily phagocytose label 
droplets or particles, generally resulting in labeling in the order of 10 10 –10 13  fl uo-
rine atoms per cell (see Table  1 ). 
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 A general cell labeling protocol is shown in Fig.  4 . Key labeling steps include 
the length of time the cells are incubated with the label, the concentration of the 
label, and removal of excess label. Label uptake can be encouraged when neces-
sary through the use of positive changes on the labels, such as through transfection 
agents [ 24 ]. It is important to show that the label is incorporated in a stable manner 
within the cell, and will remain within the relevant cell in vivo. In addition, it 
needs to be ensured that any excess label is removed through careful washing 
steps before transfer to the subject.

   It is also necessary to balance the uptake of label with any effects on cell func-
tionality and cytotoxicity. In particular, it is vital to assess any effect of the label on 
cell migration and other functions that are necessary in vivo. It has been shown that 
iron oxide labeling can alter cell migration in neural stem cells [ 25 ], although 
another study that exhaustively compared various labels including iron oxide and 
 19 F did not fi nd any effect in mesenchymal stem cells [ 26 ]. Thus, the effect of label-
ing appears to be cell dependent and label dependent at the very least. Furthermore, 
with some fl uorine labels, cell migration is known to be unaffected, and  19 F MRI has 
in fact been suggested as a cell migration assay for larger cell numbers [ 27 ]. 
However, one cannot assume that any particular label will not affect migration, or 
any particular function, in a different cell type, i.e., each cell type-label pair needs 
to be individually optimized and thoroughly characterized. 

  Fig. 4    Typical ex vivo cell labeling protocol. Key steps in cell labeling for  19 F MRI. The fi gure 
shows the most commonly used protocols for each step; variations proposed in the literature are 
discussed in the text. Appropriate selection of label and labeling protocol is crucial for success of 
the experiment (Step 1). Cell labeling (Step 2) may require enhancement through the use of coat-
ings or transfection agents. After suitable preparation (Step 3) the cells can be imaged. Post- 
processing leads to quantifi cation (Step 4). Finally, image post-processing can be carried out (Step 
5) to corroborate the in vivo data. Reproduced with permission from Ref. [ 5 ]       
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 In all cases, quantifi cation of cell numbers is much more accurate when cells 
are labeled ex vivo, as the average  19 F content per cell can be readily determined. 
When the label is injected systemically [ 28 ] in vivo, and subsequently taken up 
 by      target cells (typically macrophages), quantifi cation becomes more complex, 
as the label uptake per cell cannot be determined. Even with ex vivo - labeled 
cells, the label can be lost or transferred to other cell types, particularly 
macrophages present within the surrounding host tissue. For example, labeled 
mesenchymal stem cells lost their  19 F agent to bystander macrophages by 17 
days after transfer [ 29 ]. Thus, the signal detected could be falsely interpreted at 
later time points. Such label transfer may vary depending on cell type, label type, 
transfer site, division status of the cells, and various other factors. Similar results 
were also obtained in another study [ 30 ], where transgenic neural stem cells 
expressing a bioluminescence marker were also labeled with a fl uorinated agent. 
Here, the  19 F signal was retained for at least several days after the biolumines-
cence signal was lost, and indicator of cell death (Fig.  5 ). This slow loss of  19 F 
signal even after cell death could be a result of various factors including the 
particular properties of the label or cell, or simply slow clearance from the brain. 
Regardless, these studies highlight that the interpretation of cell tracking can 
become more complex after its initial stages.

   The fate of the agent, both in cells and in vivo, is an important consideration, 
particularly in terms of any toxicity and the clearance rate and route. This may be 
less of an issue if cells are prelabeled ex vivo before injection to the subject, as then 
only very small amounts of PFCs are administered. However, in cases where cells 
are labeled in vivo, after systemic injection of the agent, retention and clearance are 
important considerations [ 31 ] (Fig.  6 ). In one study, it was found that the biological 
half-life of different PFCs administered as emulsions varied from 9 days to over 250 
days. However, the infl uence of the type of label, surfactant used, site of injection, 
and other factors is not clear.

5        Recent Developments 

5.1      Multicolor    19 F MRI 

 The broad chemical shift of  19 F allows the possibility of imaging well-separated reso-
nances. Multiple resonances are most often a drawback, as they represent “lost”  19 Fs 
that do not contribute to the signal, or that create artifacts making the image “fuzzy”  
(Fig.  7 ). However, in some cases this drawback can be harnessed to image multiple 
cell lines at different resonance frequencies. Recently, this has been applied to differ-
ent therapeutic cell subsets, which were labeled with different PFCs (PFO and PFCE, 
respectively) [ 12 ] (Fig.  8 ). A standard gradient-echo  sequence   was used for imaging, 
where the excitation peak was suffi ciently broad so as to excite both the main 
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resonance of the PFO and the single resonance of the PFCE. Both were detected 
simultaneously, but due to the known bandwidth per voxel, the signals could be sepa-
rated. The technique clearly has limitations, for example, in applications where the 
cell distribution is very complex. Still, it allows imaging of two cell populations 
simultaneously. Such work has also been carried out with stem cells, using spectro-
scopic imaging [ 32 ].

  Fig. 5     19 F MRI signal can persist even after cell death in some cases. BLI and  19 F MRI signal after 
implantation of neural stem cells into naïve mice and stroked animals that underwent middle cere-
bral artery occlusion (MCAO) 48 h earlier. ( a ) BLI signal in naïve ( n  = 5) or stroked ( n  = 4) animals 
decreased rapidly over 4 weeks indicating impaired graft survival. ( b )  19 F SNR in naïve and stroked 
animals persisted, with more scatter in the stroke group. ( c ) To better resolve the decrease in BLI 
signal, a separate group of naïve animals ( n  = 6) underwent BLI one day after implantation and up 
to 2 weeks after. The onset of decreased graft survival was found at 7 days. */**: Signifi cance level 
 p  ≤ 0.05/0.01, all values presented as mean ± standard deviation. Reproduced with permission from 
Ref. [ 30 ]       
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5.2          Multimodal Imaging   

 No single imaging modality is perfect and able to provide all the necessary 
answers with certainty. In fact, nowadays the majority of  19 F cell tracking imaging 
studies use multimodal imaging, most often combining MRI with fl uorescence, 
either in vivo or  ex vivo  using histopathology. The advantages of multimodal cell 
tracking include verifi cation of data obtained using a new imaging agent or tech-
nique with an established one, and the ability to gather complementary informa-
tion from a single experiment.   

  Fig. 6    Retention and sensitivity of different PFCs. In vivo  19 F chemical shift imaging signal in the 
ear after induction of infl ammation by ear clipping (holes marked by  arrows ) and subsequent injec-
tion of 500 μL perfl uorocarbon (PFC) emulsion ( n  = 4 animals for each PFC). ( a ) Overlay of  19 F 
signal and anatomical scan for the initial MR measurement 3–4 days after PFC injection. ( b ) Time 
course of the fl uorine signals for the different PFCs. F-44E, trans-bis-perfl uorobutyl ethylene; 
PFCE, perfl uoro-15-crown-5 ether; PFD, perfl uorodecalin; PFOB, perfl uorooctyl bromide. 
Reproduced with permission from Ref. [ 31 ]       
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  Fig. 7    Chemical shift artifact. The  19 F NMR spectrum, chemical structure, and the  19 F MR images 
are shown. The acquisition frequency of the MR images was centered on each peak or group of 
peaks, and the corresponding image is shown (indicated by  a  and  b ). ( a ) Perfl uorodecalin (C 10 F 18 ) 
has several peaks in the  19 F spectrum. It is used in commercial oxygen carriers and blood pool 
agents. ( b ) Perfl uorohexane (C 6 F 14 ) is also used as a contrast agent for ultrasound imaging. ( c ) 
Perfl uorooctane (C 8 F 18 ) is also used as an oxygen carrier. ( d ) Perfl uorooctylbromide (C 8 BrF 17 ), or 
PFOB, is a blood substitute that has also been used for  19 F MRI. However, the presence of multiple 
 19 F resonances complicates the imaging process. ( e ) Perfl uoro-15-crown ether (C 10 F 20 O 5 ) has 20 
equivalent  19 F atoms, resulting in a single resonance peak. The compound has been used for  19 F 
MRI for cell tracking and as an oxygen sensor. Reproduced with permission from Ref. [ 22 ]       

6     Conclusions and Future Outlook 

  19 F MRI for cell tracking has recently been demonstrated in the clinic [ 15 ]; thus its 
clinical applicability is no longer in dispute. There is still no consensus on which 
PFC, if any, is the best for in vivo application, particularly in terms of balancing 
imaging favorability with retention times, and new and more “ideal” compounds 
are continually being generated. Furthermore, the relatively long imaging times 
necessary and limited availability of suitable hardware to do  19 F MRI are still a 
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hindrance for the broad application of  19 F MRI. Regardless, given all the advantages 
and unique possibilities outlined briefl y in this chapter, the future of “hot-spot” 
imaging, particularly for cell tracking, is getting hotter.     
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      Nanoformulations for Pharmacological siRNA 
Delivery in Cancer                     

     Byunghee     Yoo      and     Zdravka     Medarova    

1           Introduction 

 The phenomenon of gene silencing by double-stranded RNA, known as small 
interfering RNA (siRNA), was discovered in the nematode worm (  Caenorhabditis 
elegans   ) in 1998 [ 1 ]. The application of siRNA for posttranscriptional gene silenc-
ing was validated in mammalian cells in 2001 [ 2 ] and mice in 2002 [ 3 ]. Since then, 
 RNA interference (RNAi)   has attracted great interest because of its potential to 
knock down specifi c genes that regulate protein expression in diverse human dis-
eases. Because of its higher specifi city, lower systemic toxicity, and fl exibility for 
target gene selection, siRNA-mediated  RNAi   has advantages as a therapeutic 
approach over conventional chemical inhibitors. 

 RNAi is an endogenous pathway for posttranscriptional gene silencing. It can be 
activated by dsRNAs, which include  small interfering RNAs (siRNA)  ,  short-hairpin 
RNAs (shRNA)  ,  long noncoding RNAs (lncRNA)  , and  microRNAs (miRNA)  . siRNA 
of 21–23 nucleotides consists of a passenger (sense) strand and a guide (antisense) 
strand. The sequence of the guide strand is designed to perfectly match the target  mes-
senger RNA (mRNA)   to avoid erroneous gene silencing and is modifi ed at the 5’-end 
with linkers when it needs further conjugation with nanoparticles. In principle, siRNA 
is exogenous and synthesized to target specifi c mRNA and initiate RNAi when it is 
delivered in the cytosol. First, siRNA is processed by Dicer (an RNase III endonucle-
ase) and subsequently interacts with Argonaute-2, a multifunctional protein (Ago2) 
that is incorporated into a multiprotein complex known as the  RNA-induced silencing 
complex (RISC)     . During this process, the passenger (sense) strand of siRNA is 
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released and degraded, whereas the guide (antisense) strand binds to Ago2 and guides 
 RISC   to its complementary target mRNA. The complex of siRNA-RISC cleaves the 
target mRNA to silence gene expression and repress translation of mRNA. Importantly, 
the role of the RISC is catalytic and the complex is recycled (Fig.  1 ) [ 4 ].

  Fig. 1    Mechanism of RNA interference. Long dsRNA introduced into the cytoplasm is processed 
by the enzyme Dicer into 22-nt pieces with 2-nt single-stranded overhangs on the 3′ ends. The 
structure of synthetic siRNA mimics that of Dicer products. The siRNA guide strand is loaded into 
the RNA-induced silencing complex (RISC), and the passenger strand is cleaved by Argonaute-2 
(Ago2). The activated RISC–guide-strand complex identifi es and cleaves mRNA that is comple-
mentary to the guide strand, preventing translation and thereby silencing gene expression. 
Reproduced with permission from Ref. [ 4 ]       
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   Despite its promise, siRNA has not realized its potential as a therapeutic because 
of obstacles related to its delivery in vivo. After intravascular administration, siRNA 
is susceptible to degradation by  RNase A-type nucleases   or is aggregated by serum 
proteins in the plasma, and is rapidly eliminated by the kidneys, resulting in very 
short intravascular circulating half-lives in the range of seconds to minutes [ 5 ]. 
After entering the circulation, siRNA has to pass across vascular endothelial walls 
and diffuse through the  extracellular matrix (ECM)   in the interstitium. This repre-
sents a signifi cant delivery hurdle since the  ECM   forms a dense network structure 
consisting of polysaccharides and fi brous proteins that accommodate macrophages. 
Finally, siRNA delivery is limited by the negatively charged membranes of target 
cells mainly because the negative charges on the phosphodiester backbone and the 
large molecular weight of siRNA (~13 kDa) hinder uptake by mammalian cells. In 
addition, siRNA could induce an innate immune response that is mediated by  type 
I interferon and proinfl ammatory cytokines  , further limiting the feasibility of deliv-
ering unmodifi ed naked siRNA  in vivo [ 6 ,  7 ]. 

 To overcome these obstacles, a wide range of nano-sized delivery vehicles (nano-
drugs) has been investigated. The  nano-delivery agents   can be classifi ed into three 
types: lipid-based, polymer-based, and inorganic nanodrugs. Considering the obstacles 
listed above, an optimal nanodrug should be equipped with the physicochemical prop-
erties of protecting siRNA from degradation, elongating blood circulation, localizing in 
desired loci in the body, facilitating the cellular uptake, and releasing siRNA within the 
cytosol to initiate the RNAi process. Also,  nanodrugs   are expected to satisfy require-
ments related to their physiological safety, including lack of immunogenicity, nonco-
agulation with serum proteins, and low nonspecifi c uptake by normal tissues or cells. 

 To accommodate the requirements for effi cient siRNA delivery, nanodrugs are 
mainly optimized in terms of surface charge and particle size. The outer surface of 
nanodrugs is usually charged with cations (positive charges) for enhanced uptake by 
cell membranes. However, cationic surface charges increase the chances of aggre-
gate formation of negatively charged plasma proteins that are entrapped in the pul-
monary capillary bed or taken up by the mononuclear phagocyte system. The 
introduction of  polyethylene glycol (PEG)   on the surface can neutralize the surface 
charge and impart a “stealth function” that avoids the interactions with plasma pro-
teins, resulting in the elongation of intravascular circulation time and faster diffusion 
in the extracellular matrix [ 8 ]. In contrast, PEGylation interferes with spontaneous 
cellular uptake through opsonization and requires an additional moiety for receptor-
mediated endocytosis. With respect to nanoparticle size, nanodrugs are limited by 
the requirement that the size of nanodrugs should be bigger than the pore size of the 
glomerular fi ltering system (>7 nm) to avoid renal clearance. It is also benefi cial to 
keep the size smaller than 100 nm because the discontinuous endothelia in solid 
tumors are also found in some other organs including liver, spleen, and bone marrow, 
where nanoparticles bigger than 100 nm in diameter are entrapped [ 9 – 12 ]. 

 The conventional size of  nanodrugs   is adjusted in the range of 10–100 nm in diam-
eter to allow delivery to tissues through the  enhanced permeation and retention (EPR)      
effect. This is particularly relevant for solid tumors with leaky vasculature [ 9 ,  13 ,  14 ]. 
Even in poorly permeable tumors, nanodrugs smaller than 50 nm can penetrate the 
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capillary endothelium, whereas micellar nanodrugs of 70 nm are retained in the vascu-
lature [ 15 ]. Based on these observations, the optimal size of nanodrugs can be narrowed 
to 10–50 nm, especially when the goal is passive delivery for cancer treatment. 

 In this review, we will focus on the formulation of nanodrugs for pharmacologi-
cal siRNA delivery according to the categories classifi ed above: lipid-based, 
polymer- based, and inorganic nanodrugs.  

2     Polymeric Nanoparticles 

  Polymer-based nanoparticles   have numerous advantages as a template for siRNA 
nanodrugs including thermodynamic stability, high drug loading effi ciency, high 
cellular uptake, adjustable drug release rate, and the feasibility of surface modifi ca-
tion. However,  polymeric nanodrugs   have potential issues originating from the 
properties of synthetic or natural polymers, such as biodegradability, biocompatibil-
ity, toxicity, and immunogenicity. 

  Polyethyleneimine (PEI)   is one of the most commonly used polymers. PEI-based 
nanoparticles show high cellular uptake due to their cationic surface charges. PEI 
exhibits very different compatibility profi les depending on its incorporation of spe-
cifi c molecular structures and the choice of branched (obtained from acid-catalyzed 
polymerization of aziridine) vs. linear forms (obtained via polyisoxazoline precur-
sors) [ 16 ,  17 ]. With an acceptable biocompatibility profi le, nanodrugs formulated 
with linear PEI show no signifi cant increase of proinfl ammatory cytokines or 
hepatic enzymes after systemic administration [ 18 ,  19 ]. Branched  PEI   is recognized 
as more toxic than linear  PEI,   activating infl ammatory responses and susceptible to 
macrophage uptake and rapid clearance. Chemical modifi cation can improve the 
toxicity profi le of branched PEI. PEGylation of branched PEI prevented the induc-
tion of mutations and oxidative DNA damage (8-OH-dG) in FE1 lung epithelial 
cells, whereas alkylation showed low toxicity and enhanced knockdown effi ciency 
due to stabilization of encapsulated siRNA [ 16 ,  20 ,  21 ]. 

 In addition to  PEGylation and alkylation  , PEI has been complexed with lipids, 
polymers, surfactants, and inorganic materials to enhance the properties of nano-
drugs [ 22 – 27 ]. For example, low-molecular-weight polyamine (PEI600) was utilized 
for the synthesis of nanoparticles by reacting with C 15  epoxide-terminated lipids at a 
14:1 molar ratio, and formulating the nanoparticles with C 14 PEG 2000 . The resulting 
nanodrugs formed multilamellar vesicles rather than the periodic aqueous compart-
ments containing siRNA that make up stable nucleic-acid lipid particle formulations. 
The resulting nanodrugs had a diameter between 35 and 60 nm, and were delivered 
into endothelial cells without any target moieties. The surface charge of 7C1 nano-
drugs was electrically neutral at pH 7.4 (in the blood stream), but its p K  a  was 5.0. 
Unlike lipid and lipidoid-based nanodrugs, 7C1 nanodrugs showed high specifi city 
of transfection to endothelial cells  in vivo even at low doses, and did not signifi -
cantly reduce gene expression in nontargeted cells, such as hepatocytes, peritoneal 
immune cells, pulmonary epithelial cells, or pulmonary immune cells (Fig.  2 ) [ 27 ].
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   Co-delivery of two siRNAs  and paclitaxel   was investigated by employing a 
two- amphiphilic polymer system of polyethyleneimine-block-poly[(1,4-
butanediol)-diacrylate-β-5-hydroxyamylamine] (PEI-PDHA) and polyehtylene
glycol-block-poly[(1,4-butanediol)-diacrylate-β-5- hydroxyamylamine] (PEG-
PDHA) by self-assembly. PDHA is acid responsive and releases drugs in an 
acidic environment. Two siRNAs and paclitaxel were encapsulated in polymeric 
particles to form PEI-PDHA/PEG- PDHA/PTX/siSna/siTwi (PPSTs)   complex 
nanodrugs. The size of PPSTs nanodrugs (80–140 nm) was small enough to 
expect passive targeting through EPR effects. PPSTs nanodrugs were adminis-
tered intravenously, and the accumulation of two siRNAs  and paclitaxel   was 
confi rmed in metastatic 4 T1 breast tumors in a mouse model. The administra-
tion of dual siRNAs resulted in suppression of breast cancer by preventing can-
cer cell migration and invasion and the effect was more signifi cant than the 
administration of single siRNA [ 28 ]. 

 An abundance of  polymers   has been explored for the delivery of anticancer 
therapeutics, Some examples include  poly(lactide-co-glycolide) (PLGA)  ,  polylac-
tide (PLA)  ,  polyglycolide, polycaprolactone (PCL)  , and poly(D,L-lactide). These 
polymers have also been chemically modifi ed with lipids, other polymers, surfac-
tants, and inorganic materials to improve the physicochemical properties and opti-
mize the formulations for siRNA delivery [ 29 – 34 ]. For the treatment of  bladder 
cancer  , for example, PLGA nanoparticles were modifi ed with positively charged 
mucoadhesive polysaccharide chitosan chains (2.5 or 20 kDa) to enhance transuro-
thelial penetration and delivery of survivin siRNA. Surface modifi cation of PLGA 
nanoparticles with short chain chitosan (NP-siSUR-2.5, 137 ± 51 nm) increased the 
release of siRNA by ten times compared to long chain chitosan (NP-siSUR-20, 
130 ± 56 nm). Nanodrugs were delivered using passive targeting, since no targeting 
moieties were incorporated into the design. The higher molecular weight (long 
chain) chitosan entangled and trapped the negatively charged siRNA more tightly 

  Fig. 2    Preparation of 
polymeric nanoparticles 
with low molecular weight. 
( a ) 7C1 synthesis scheme. 
( b ) 7C1 formulation 
scheme. 7C1 nanoparticles 
were mixed with 
C14PEG2000 and siRNA 
in a high-throughput 
microfl uidic chamber. 
Reproduced with 
permission from Ref. [ 27 ]       
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than the lower molecular weight (short chain) chitosan [ 34 ,  35 ]. This result implies 
that the balanced surface charge should be optimized for enhanced cellular uptake 
and siRNA release into the cytosol. 

 The formulation of nanoparticles using natural polymers has also been explored 
for the delivery of siRNAs. Representative natural polymers are chitosan, hyal-
uronic acids, sodium alginate, gelatin, and polypeptides [ 36 – 41 ].  Glycol chitosan      
was chemically modifi ed with 5β-cholanic acid to form a hydrophobic core where 
doxorubicin (Dox) was encapsulated in self-assembling nanoparticles. Also, siRNA 
was conjugated to a thiolated glycol chitosan via a cleavable disulfi de for release in 
the reductive intracellular environment. Interestingly, Dox-encapsulated CNPs 
(290 ± 4.5 nm) or Bcl-2 siRNA-encapsulated CNPs (301 ± 9.3 nm) exhibited similar 
physicochemical properties, including size, surface properties, and pH sensitive 
behavior, regardless of the different physical features of  Dox and Bcl-2 siRNA  . 
Also, the two different nanodrugs showed similar patterns of  in vivo biodistribution 
and pharmacokinetics in PC3 tumor bearing mice, and mediated a dose-dependent 
therapeutic effect following sequential administration [ 41 ]. 

  Dendrimers      represent another common formulation for siRNA delivery. The 
most widely used dendrimers consist of polyamidoamine (PAMAM, Starburst™), 
poly(propylenemine) (PPI or DAB, Astramol™), and PEG polyester dendrons, and 
are functionalized with a –NH 2  (for oligonucleotide delivery), a –COOH (for den-
drimer platinates), and an –OH (for dendrimer-derived magnetic resonance imaging 
contrast agents). The size of dendrimers can be regulated by stepwise growth and 
adjustable branching patterns. Their hydrodynamic diameter is well defi ned accord-
ing to the degree of generations, such as generation 3 (G3, 3.1 nm), generation 4 
(G4, 4.0 nm), and generation 5 (G5, 5.3 nm). The surface functional groups allow 
for the adjustment of surface charges and permit functionalization with siRNA, tar-
geting probes and surface coating materials [ 42 – 47 ]. However, dendrimers, espe-
cially cationic dendrimers, suffer from low biocompatibility and toxicity limiting 
their clinical translation [ 48 ,  49 ]. 

 Dendrimer-inspired nanodrugs were developed by combining PAMAM or 
poly(propylenimine) dendrimers of increasing generations with alkyl epoxides 
of various carbon chain lengths. In this scenario, the positively charged den-
drimer core entrapped negatively charged siRNAs for Tie2 gene knockdown in 
immortal and primary endothelial cells. 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N- mPEG 2000  and cholesterol were incorporated with the 
dendrimers to generate nanodrugs with sizes in the range of 50–100 nm. Contrary 
to low molecular weight PEI-based polymer that was capable of targeting both 
lung endothelial cells and epithelial lung tumors, this formulation of Tie2 siRNA 
nanodrugs was specifi cally taken up by lung endothelial cells and not by epithe-
lial lung tumor cells, whereas the integration of cholesterol improved gene 
knockdown effi ciency. However, this formulation was not completely free from 
off-target effects in the endothelial cells of other organs because some knock-
down was still observed at high doses [ 47 ].  
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3      Lipid-Based Nanoparticles   

 Lipid based nanodrugs include liposomes, solid lipid nanoparticles,  stable nucleic 
acid-lipid nanoparticles (SNALPs)     , and lipoid nanoparticles.  Liposomes   are the 
most popular and extensively investigated lipid-based nanoparticles and are 
employed to deliver a variety of payloads, such as anti-cancer drugs, oligonucle-
otides, DNAs, RNAs, antigens, and proteins. The advantages of  liposomes   for 
siRNA delivery include the prevention of degradation, accumulation in tumor tis-
sues by passive targeting, feasibility in surface modifi cation for active targeting, and 
high biocompatibility for systemic delivery in animals and humans. Described in 
“ polymeric nanodrugs  ,” liposomes are coated with  polyethylene glycol (PEG)   to 
avoid rapid clearance by the  reticuloendothelial system (RES)   in liver, spleen, lungs, 
and bone marrow for a longer circulation half-life. Also, liposomes are formulated 
with polymers, lipidoids, inorganic materials, and polypeptides to improve physico-
chemical properties for effi cient siRNA delivery [ 50 – 55 ]. 

  Layer-by-layer (LbL) nanoparticles      are prepared by sequential deposition of 
oppositely charged polymers on top of nanoparticles to build a highly stable mul-
tilayer fi lm. This permits precise control at the nanometer-scale level to adapt a 
range of polycationic materials with siRNA loading and releasing, fi lm stability, 
transfection effi ciency, and cytotoxicity. LbL nanodrugs were developed for co-
delivery of MRP1 siRNA and anticancer therapeutics by stacking siRNA-loaded 
LbL fi lms atop of a doxorubicin-loaded liposome with an exterior negatively 
charged phospholipid membrane.  Cationic poly- L -arginine   was deposited in the 
inner most layer to reverse the surface charge of the liposome from negative to 
positive which can drive negative siRNA molecules to form an outer shell in the 
LbL fi lm layer. The size of the nanodrugs was determined to be approximately 
120 nm in diameter with a zeta potential of 55 mV and the hydrodynamic diam-
eter increased by 5 nm with the addition of each layer. The number of siRNA 
molecules per nanoparticle was determined to be 3500. The LbL nanodrugs were 
fi nalized with a hyaluronic acid (2000 kDa) coat for prolonged circulations with 
a serum half-life of up to 28 h [ 55 ]. 

 In addition to liposomes, solid lipid-based nanodrugs were also developed for 
systemic siRNA delivery with the benefi t of using biodegradable and nontoxic 
lipids that form solid nanoparticles at a physiological body temperature. These 
nanodrugs include “ stable nucleic acid-lipid particles (SNALPs)  ” and “ solid-
lipid nanoparticles (SLNs)  .” SNALPs consist of a lipid bilayer containing a mix-
ture of cationic and fusogenic lipids that enable the cellular uptake and endosomal 
release of siRNA. SLNs are composed of cholesteryl ester, triglyceride, choles-
terol, dioleyl phosphatidyl ethanolamine (DOPE), and 3-β-[ N -( N ′, N ′-dimethy-
lamino ethane)carbamoyl]-cholesterol (DC-cholesterol). The formulations of 
SNALPs and SLNs are also modifi ed with PEG groups, lipids, surfactants, poly-
mers, and human serum proteins, and are adjusted for the purpose of siRNA 
delivery [ 53 ,  56 – 62 ]. 
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  Lipidoid nanoparticles   are lipid-like delivery molecules conjugated with cholesterol 
and formulated with PEG-coated lipids for delivery of siRNAs [ 63 – 66 ]. For the deliv-
ery of osteogenic  Plekho1  siRNA, lipid nanoparticles (size: <90 nm) were formulated 
to encapsulate siRNAs by use of DPPC, C16 celarmide-PEG2000, and cholesterol, 
and modifi ed with the osteoblast-specifi c aptamer CH6 on the surface. The siRNA 
encapsulating lipid nanoparticles showed  in vitro  osteoblast   selective uptake via mac-
ropinocytosis, and down-regulated  in vivo osteoblast-specifi c  Plekho1  gene expres-
sion, which resulted in promoted bone formation, improved bone microstructure, 
increased bone mass, and enhanced mechanical properties in both osteopenic and 
healthy rodents (Fig.  3 ) [ 62 ].

4         Inorganic Nanoparticles   

 Inorganic nanoparticles can be classifi ed as metallic nanoparticles and nonmetallic 
nanoparticles. Metallic (or metal-hybridized) nanoparticles include gold [ 67 – 70 ], 
silver [ 71 ], copper [ 72 ], manganese oxide [ 73 ], and iron oxide [ 74 ,  75 ], as well as 
quantum dots [ 76 – 78 ]. Nonmetallic nanoparticles include silica (silicate) and cal-
cium phosphate (hydroxyapatite) [ 79 – 84 ]. These inorganic nanoparticles can be 

  Fig. 3    Preparation of aptamer-functionalized lipid nanoparticles. LNPs are fi rst prepared by spon-
taneous vesicle formation after a lipid/ethanol solution is slowly injected into siRNA buffer solu-
tion, followed by dialysis. The 3′ thiol and 2′- O -methyl-modifi ed CH6 aptamer are then activated 
followed by conjugation to DSPE-PEG2000-Mal to form CH6-PEG2000-DSPE. Finally, CH6- 
PEG2000- DSPE in the form of micelles is inserted into the surface of LNPs. Reproduced with 
permission from Ref. [ 62 ]       
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modifi ed with PEG groups, polymers, lipids, and surfactants for the enhancement of 
drug loading, blood circulation time, and specifi city to the target biomarkers. 

  Magnetic nanoparticles (MNs)   have been used for the purpose of contrast enhance-
ment in  magnetic resonance imaging (MRI)   and have also been employed for the 
delivery of siRNAs. In terms of diagnostic capability and delivery of siRNA therapeu-
tics, MNs are considered a principle template for theranostic imaging. For the investi-
gation of drug resistance in glioma against DNA-methylating agents, amine-derivatized 
dextran coated MN was loaded with siRNA for silencing  O 6 - methylguanine methyl-
transferase (MGMT)  , which reverses the anti-glioma effects of DNA methylating 
anticancer drugs. The MNs were also conjugated with a chloride ion specifi c peptide, 
 Chlorotoxin  , for effective uptake by glioma cells. By suppressing MGMT gene 
expression in an intracranial glioma model, the therapeutic effects of Temozolomide 
(DNA-alkylating anti-glioma agent) were signifi cantly increased (Fig.  4 ) [ 74 ].

   Nanodrugs loaded with siRNA are taken up by cells through endocytic pathways, 
and are prone to entrapment within subcellular compartments, which requires an 
increased dosage of siRNA.  Polycationic nanodrugs   can enhance the cellular uptake 
and facilitate the escape of siRNA from endosomes by taking advantage of the “pro-
ton sponge effect” [ 85 ], but can also cause cytotoxicity. For the optimal delivery of 
siRNA into the cytosol,  nanoparticle-stabilized nanocapsules (NPSCs)   were designed 
based on supramolecular guanidine–carboxylate interactions between the  arginine-
functionalized gold nanoparticles (Arg-AuNPs)   of the shell and the hydrophobic fatty 
acid “oil” components in the core. NPSCs were successfully shown to be effective 
siRNA delivery vehicles into the cytosol by their ability to silence green fl uorescent 
protein (deGFP) and polo-like kinase (siPLK1) with concomitant cytotoxicity [ 86 ]. 

 Mature  dendritic cells (DCs)   can capture tumor antigens and induce potent 
antigen- specifi c antitumor immunity in tumor-draining lymph nodes by presenting 
the antigens to T cells and secreting proinfl ammatory cytokines that enhance T cell 
activation. Activation of STAT3 in DCs inhibits the expression of numerous 
 immunostimulatory molecules triggered by TLR ligands that regulate T cell activa-
tion. For the suppression of STAT3, amine-modifi ed quantum dots were conjugated 
with STAT3 siRNAs and encapsulated in a PLGA matrix. After intratumoral injec-
tion, STAT3 mRNA expression was downregulated by up to 73 % and the amount of 
proinfl ammatory cytokines increased signifi cantly [ 87 ]. 

Cy5.5
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iron oxide
core
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crosslinked
dextran coat

  Fig. 4    Schematic structure 
of a nanodrug for targeted 
delivery of siRNA. 
Reproduced with 
permission from Ref. [ 74 ]       
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  Porous silicon nanoparticles (pSiNPs)   are actively investigated as nanoparticle- based 
drug delivery vehicles and have advantages in terms of biocompatibility, biodegradabil-
ity, and high payload capacity [ 88 ,  89 ]. The pore sizes of  pSiNPs   can be controlled and 
provide criteria to classify SiNPs, such as micropores (smaller than 2 nm) through mes-
opores (between 2 and 50 nm), and macropores (larger than 50 nm) [ 90 ]. pSiNPs loaded 
with MRP1-siRNA showed effi cient cellular uptake by T98G glioblastoma cells (even 
after a 30 min incubation) and successfully downregulated MRP1 mRNA (40 %) and 
protein (30 %) [ 91 ]. 

 The delivery effi ciency of silicon particles inside the body is affected by the 
size, shape, and surface physical and chemical properties of the nanoparticles. 
Discoidal silicon particles are more effectively taken up by tumor cells than spheri-
cal or cylindrical silicon particles. In addition, systemic administration of the dis-
coidal SiNPs does not cause acute or subacute toxicity in wild-type mice [ 92 ,  93 ]. 
 Polycation- functionalized porous silicon (PCPS)   was prepared for the delivery 
siRNA. PCPS was fabricated by oxidizing the surface of the porous silicon to 
introduce a hydroxyl group that was used to conjugate arginine and PEI through a 
linker (3-aminopropyl- triethoxysilane). Loading of STAT3 siRNA was achieved 
through electrostatic interaction between the positively charged Arg-PEI on PCPS 
and the negatively charged siRNA. After uptake by breast tumor cells, STAT3 
siRNA was released in the process of PCPS degradation to induce a signifi cant 
91 % knockdown of the target gene [ 94 ].  

5     Future Outlook 

 RNA interference (RNAi) holds great potential as a therapeutic strategy for the 
treatment of many diseases, including cancers. RNA interference can be accom-
plished by two routes: the “chop-up” or “zip-up” route. In the zip-up mechanism, 
unnatural synthetic RNA oligonucleotides are employed to form a thermodynami-
cally and physicochemically stable complex with target RNAs, which are not able 
to participate in the gene translation process. Following the chop-up mechanism, 
siRNAs are synthesized by the use of natural RNA building blocks and are utilized 
for the interference of target gene expression by binding the target gene to form a 
partial duplex in the sequence that is prone to RISC digestion. Therefore, siRNAs 
consist of natural RNA bases and are easily degraded by nucleases in sera. The role 
of nanoparticles is to protect siRNAs during circulation in blood vessels and diffu-
sion in interstitium, to safely deliver siRNAs to the desired loci, and to release 
siRNA for silencing target mRNAs. So far, a wide range of organic, inorganic, and 
hybrid materials have been investigated for the purpose of siRNA delivery to the 
desired loci  in vivo. The key challenge, however, is to translate the application of 
pharmacologic siRNAs into the clinic. This capability can have a transformative 
impact on healthcare because siRNAs provide incomparable specifi city, including 
the capability to target single-nucleotide mutations. 
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 In addition to their high level of specifi city, siRNAs also have a broad applicability. 
Theoretically, we can target any genes using a modular strategy. This is important 
because practically every disease is infl uenced by genetic predisposition, including 
diseases that are caused directly by environmental factors. So far, a very limited num-
ber of therapeutic siRNAs have been evaluated in clinical trials for the treatment of 
diverse diseases, such as diabetic macular edema, immunotherapy of melanoma, 
myeloid leukemia, metastatic solid tumors, and liver cancer. Twenty clinical studies 
have been completed already and eight clinical studies are planned for the evaluation 
of siRNA in patients (clinicaltrials.gov). Considering the increasing number of pre-
clinical investigations, it is reasonable to expect that the near future will see many more 
siRNA-based pharmacologic agents tested as monotherapies or combination therapies. 
However, before siRNAs can fully realize their potential in a clinical setting, it is 
imperative to develop optimized nanodrug platforms that are both safe and effi cient.     
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      Forming Magnetosome-Like Nanoparticles 
in Mammalian Cells for Molecular MRI                     

     Donna     E.     Goldhawk     ,     Neil     Gelman    ,     R.     Terry     Thompson    , and     Frank     S.     Prato   

1           Introduction 

 As an understanding of the molecular basis of disease becomes crucial for treatment 
and diagnosis, there is a growing need to noninvasively image these processes in 
preclinical animal models and human clinical trials. However, in order to track 
molecular activity effectively using current medical imaging platforms, increased 
sensitivity of detection as well as improved  spatial and temporal resolution   are 
needed. With optical imaging technology, such as bioluminescence and fl uores-
cence, the use of reporter genes has been very successful for interrogating molecu-
lar activity in cells and very small animal models [ 1 – 3 ]. As  optical imaging   is 
limited due to light scatter and attenuation, in vivo reporter gene imaging of larger 
animals currently relies on nuclear medicine and magnetic resonance (MR) reporter 
genes. In addition, there is growing evidence that results from small animal imaging 
cannot be easily translated to humans. This diffi culty relates not only to species- 
specifi c differences [ 4 ,  5 ] but also to differences in imaging platform, wherein the 
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resolution of small animal imaging does not match the scale of large animal/human 
systems [ 6 ]. There is also evidence that large animal studies (e.g., in dogs, pigs) are 
more indicative of the human condition [ 7 ] and will improve translational effi ciency. 
To image on this clinical scale, only nuclear medicine reporter genes currently offer 
the needed sensitivity (comparable to optical); however, the spatial resolution  is   
limited to about 64 mm 3  (Fig.  1 ). To capitalize on the superb spatial (approximately 
1 mm 3  on clinical scanners) and temporal resolution of magnetic resonance imaging 
(MRI), further development of a magnetite-based MR reporter gene would substan-
tially improve molecular imaging in both small and large animals, providing a route 
for seamless translation of medical imaging technology to human care.

  Fig. 1    Comparison of the capability of different large animal and human molecular imaging 
modalities. The matrix uses a log-log scale to indicate sensitivity on the vertical axis and spatial 
resolution on the horizontal axis. Maximum resolution corresponds to the left limit on the horizon-
tal axis and maximum sample diameter corresponds to the right limit. The sensitivity range for 
PET is taken from Meikle et al. [ 71 ] and spatial resolution from Moses [ 6 ]. The sensitivity for 
SPECT is also taken from Meikle et al. [ 71 ] and spatial resolution is estimated at 1.2 cm; however, 
this is dependent on collimator choice and distance from collimator to object [ 72 ]. For fl uores-
cence and bioluminescence imaging, resolution limit can be higher than the optical wavelength 
[ 73 ], i.e., much better than 100 μm, but decreases very quickly for an object of any thickness. 
A 1 cm limit for thickness is generous and corresponds to hybrid methods such as photoacoustic 
imaging [ 74 ]. For MRI with paramagnetic contrast agents, 1 mm 3  resolution at 3 T is easily achiev-
able, with sample size being limited by available magnet bore [ 75 ]. For MRI with iron particles, 
refer to the section on estimated limits of sensitivity of a MRI reporter gene. For magnetic reso-
nance spectroscopy (MRS), the spatial resolution for  31 P,  19 F,  23 Na, or  1 H (from non-water protons) 
is limited to approximately 1 cm due to gyromagnetic ratio and/or concentration of the isotope 
[ 76 ]. The values for CT were taken from Gore et al. [ 76 ]       
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   The idea of using  magnetotactic bacterial genes   as noninvasive reporters of 
cellular activity for molecular MRI has recently been put forward [ 8 – 10 ]. 
 Magnetotactic bacteria   form magnetosomes [ 11 ,  12 ], membrane-enclosed iron 
biominerals that respond to the earth’s magnetic fi eld and enable magnetotaxis. 
With these attributes, the motile  microaerophilic bacteria      may navigate toward their 
preferred oxic-anoxic zones in aquatic sediments [ 13 ]. Magnetosomes are also sim-
ilar in size and magnetic properties [ 14 ] to  superparamagnetic iron oxide (SPIO)      
nanoparticles. While the latter have been used successfully to track cells in both 
research and clinical settings [ 15 – 18 ], within the genetic determinants of magneto-
some synthesis is an opportunity to specify MR contrast as a direct response of 
select gene expression. 

 Approximately 20 years ago, a few reports were published about genes related to 
the magnetic properties of species of   Alphaproteobacteria       [ 19 ,  20 ]; although, it is 
only in the last decade that a clearer defi nition of the magnetosome and its constitu-
ent proteins has emerged [ 21 ]. The magnetosome is formed by a group of nones-
sential genes, suggesting that this bacterial structure is dispensable and confers an 
auxiliary function to the cell, i.e.,  magnetotaxis     . When present, the magnetosome 
comprises an  iron biomineral   that is compartmentalized within a specialized lipid 
bilayer, protecting the cell from iron toxicity and confi ning the biomineral to a 
defi ned subcellular location. As detailed below, the magnetosome membrane con-
tains a number of proteins that direct its location and crystal composition, size, and 
shape. In short, the magnetosome is an ideal structure by which cellular and molec-
ular MRI may be refi ned. 

 Recent progress in  defi ning   the magnetosome in molecular terms provides an 
opportunity to further develop genetically engineered, MR contrast for effective 
molecular MRI [ 22 ,  23 ]. Such a tool would address the critical need to identify 
molecular activities that defi ne the early stages of disease progression, ahead of the 
irreversible damage to tissue that leads to  chronic illness  . This is where the true 
strength of noninvasive reporter gene expression lies. The ability to detect transcrip-
tion factor activity that prompts disease-related changes in gene expression is the 
key to understanding many, if not most  medical conditions  , including cancer [ 24 , 
 25 ], infl ammation [ 26 ,  27 ], and the fi brosis that leads to heart disease [ 28 ,  29 ]. 
Effective use of MRI reporter gene expression vectors, which create and strictly 
regulate magnetosome-like particles in mammalian cells, could provide the spatial 
and temporal information necessary to track disease processes and infl uence health-
care management and rate of cure. 

 This chapter describes recent progress in understanding how the magneto-
some is formed in bacteria and how these mechanisms may be adapted to the 
formation of magnetosome-like particles in mammalian cells. From an MR 
imaging perspective, the expression of magnetotactic bacterial genes   magA  and 
 mms6    in mammalian cells provides the basis for a discussion on future develop-
ment of MR detection methods, needed to optimize the use of gene-based MR 
contrast and its application in diagnostic medical imaging.  

Forming Magnetosome-Like Nanoparticles in Mammalian Cells for Molecular MRI



190

2     Design 

2.1     Formation of Magnetosome-Like Nanoparticles 
in  Mammalian Cells   

 To date, reports assessing the function of magnetotactic bacterial protein expression 
in mammalian cells have centered around MagA and to a lesser degree Mms6. To 
give perspective to this body of work, we fi rst describe the bacterial magnetosome 
compartment that has inspired this approach to the development of gene-based MR 
contrast. Based on the current understanding of magnetosome formation, we then 
categorize the genes identifi ed in terms of essential versus auxiliary function(s). 
Finally, we highlight useful features for the design of magnetosome-like nanopar-
ticles in mammalian cells before discussing their applications in MRI. 

 Magnetosomes are subcellular  structures   encoded by approximately 30 genes, 
many of which reside on a conserved  magnetosome genomic island (MAI)     , are not 
essential for survival, and are not expressed when bacterial cells are grown in 
nutrient- rich broth and have little need for magnetotaxis [ 30 ]. Deletion of either the 
MAI or one of its gene clusters, the  mamAB  operon [ 31 ], results in the loss of mag-
netosome formation [ 32 ] and underlines the important regulatory role of select 
magnetosome genes. As the structure and activity of individual magnetosome- 
associated proteins have been reported, models of magnetosome assembly have 
been proposed [ 12 ,  33 ] and refi ned. A recent model outlines four main stages: (a) 
vesicle formation, (b) magnetosome protein sorting, (c) cytoskeletal attachment, 
and (d) biomineralization [ 12 ]. Figure  2  depicts this process and identifi es putative 
roles of select genes in membrane biogenesis and recruitment of proteins that facili-
tate vesicle formation, organization of magnetosomes into a chain, initiation of 
 biomineralization  , and defi nition of the mature crystal structure. Over the last 10 
years, much evidence has accumulated indicating that magnetosome formation is an 
ordered process and relies on specifi c protein interactions. As the understanding of 
these protein activities becomes clearer, so does the means by which this technology 
can be adapted for medical imaging, among other applications. Here, we provide an 
MR imaging perspective and assess the genes involved in magnetosome synthesis 
in terms of essential versus auxiliary functions. With this categorization, we draw 
on one of the best cellular models of biomineralization to provide a context for 
continued development of the next stage of mammalian cell tracking and reporter 
gene expression for MRI.

2.2        Formation of a Magnetosome-Like  Vesicle      

 All organisms require iron and carefully manage its redox chemistry through an elab-
orate set of regulatory mechanisms [ 22 ,  34 ]. Although iron is an essential cofactor for 
the function of many proteins, in general iron biominerals are not. Where they occur 
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naturally, even as stored in  ferritin  , the iron biomineral is invariably sequestered to 
protect the cell from its potential toxicity. Accordingly, in magnetotactic bacteria the 
membrane-enclosed vesicle that will sequester an iron biomineral is recognized as 
the fi rst step in magnetosome synthesis. Thus, in the design of magnetosome-like 

  Fig. 2    Hypothetical model of magnetosome formation. Partial characterization of magnetotactic 
bacterial genes, particularly from the  Alphaproteobacteria , provides further support for protein- 
directed assembly of the magnetosome. Largely based on genes located on the magnetosome 
genomic island found in multiple species of magnetotactic bacteria, the depicted stages of magne-
tosome synthesis include magnetosome membrane biogenesis through recruitment of the needed 
proteins for vesicle formation, arrangement of these magnetosome vesicles into a chain, followed 
by initiation and maturation of the iron biomineral. In the latter stage, factors that control crystal 
size and morphology vary among different classes of magnetotactic bacteria. Reproduced with 
permission from Ref. [ 12 ]       
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nanoparticles for mammalian cell tracking, appropriate compartmentalization of the 
iron biomineral is an essential step and may be refi ned by examining the magnetotactic 
bacterial protein(s) that specify the magnetosome compartment. 

 Biosynthesis of the magnetosome membrane was originally identifi ed as an 
invagination of the inner plasma membrane in   Magnetospirillum magneticum    spe-
cies AMB-1 [ 35 ]. However, a broader examination of magnetotactic bacteria reveals 
multiple arrangements of magnetosomes [ 13 ] and raises the possibility that not all 
magnetosomes are, or remain, associated with the plasma membrane [ 12 ]. The inde-
pendent existence of magnetosome vesicles is most likely defi ned by the proteins 
that sort to this location and specify vesicle function. Key proteins involved in this 
process are encoded by genes located within a DNA cluster that is widespread 
among classes of magnetotactic bacteria [ 36 ], the  mamAB  operon [ 31 ], and whose 
expression is coordinately regulated. Of these genes, individual deletion of  mamI , 
 mamL ,  mamQ , and  mamB  results in no magnetosome membrane; however, none of 
these genes alone is suffi cient for its formation. Interestingly, MamI and MamL are 
small proteins unique to magnetotactic bacteria [ 32 ] and MamL is not found in 
greigite-producing   Deltaproteobacteria   , suggesting a unique role for MamL in 
magnetite-producing   Proteobacteria    [ 37 ]. 

 It remains to be seen what combination of genes may be needed for optimal 
expression of a magnetosome-like particle in mammalian cells. The likely subset of 
magnetosome genes will depend on the functionality desired but will probably pos-
sess a root structure that provides the scaffold for compartmentalization of the iron 
biomineral. With this scaffold, the recruitment of specifi c genes will not only be 
feasible but also programmable, delivering the type of MR signal that is prescribed 
by selective expression of magnetosome protein (see reporter gene expression 
below). The nature of the required protein sorting to the magnetosome membrane is 
still poorly defi ned; however, several studies substantiate a role for protein-protein 
interactions [ 38 ]. For example, MamB interacts with other magnetosome- associated 
membrane proteins, MamM and MamE [ 39 ]. The important role of MamE in 
recruiting additional magnetosome proteins to the membrane for crystal formation 
has recently emerged [ 40 ]. Deletion of  mamE  results in a nonmagnetic mutant that 
can nevertheless form empty magnetosome vesicles [ 12 ]. It appears that MamE 
provides a link to biomineralization partly through its interactions with MamI and 
MamB [ 32 ]. These interactions also likely contribute to the correct orientation of 
magnetosome proteins in the membrane so that crystallization is appropriately initi-
ated within the vesicle. Separate functional domains of MamE have also been par-
tially characterized [ 40 ]. Putative  serine      protease and heme-binding activity is 
associated with the N-terminal domain while protease-independent function in the 
C-terminal domain may be principally involved in recruiting magnetosome mem-
brane protein(s). In some species of   Deltaproteobacteria   , the N- and C-terminal 
domains of MamE are encoded by separate genes [ 37 ], suggesting that strategies for 
streamlining mammalian expression of magnetosome genes may include the 
expression of functional gene fragments.  

D.E. Goldhawk et al.



193

2.3     Formation of a Magnetosome-Like  Biomineral   

 Critical magnetosome genes for iron biomineralization include  mamE, mamO, 
mamM,  and perhaps  mamN . These genes from the  mamAB  operon appear to facili-
tate the initiation of iron biomineralization but are not suffi cient for obtaining the 
fi nal size and shape of the desired crystal structure [ 12 ]. The distinction between 
early and late events in biomineralization again reinforces the ordered nature of this 
process (Fig.  2 ). As a consequence, the optimal expression of magnetosome-like 
nanoparticles in mammalian cells will benefi t from a clearer understanding of the 
temporal relationship between the required biomineralization activities. Once initi-
ated, the controlled expression of magnetosome genes in the correct sequence will 
provide landmarks by which changes in MR contrast may be measured and corre-
lated to discrete cellular activities. Eventually, we envision this strategy would 
include complementary expression systems that when activated create a more 
refi ned magnetosome-like particle than was possible when individually expressed. 

 Based on the study of magnetotactic bacteria harboring deletions of select mag-
netosome genes, attempts are being made to understand which genes are essential 
to the basic magnetosome structure and which genes have more auxiliary roles, for 
example in defi ning the location and confi guration of magnetosomes within the cell 
or in specifying the nature of the  biomineral  . Many of the MAI genes involved in 
crystal maturation have such auxiliary functions; their absence mitigates but does 
not abrogate magnetosome formation. The entire  mamCGDF  operon encodes some 
of the most abundant magnetosome proteins that are nevertheless not essential for 
the formation of a more rudimentary particle [ 41 ]. Likewise, the  mms6  operon is 
directly involved in iron biomineralization and its absence diminishes the process 
but does not completely interrupt it [ 32 ]. In addition, several more proteins encoded 
within the  mamAB  operon appear to have a role in the fi nal stage(s) of iron biomin-
eralization and could be excluded without interrupting the synthesis of the core 
structure. The presence of all these MAI genes provides a powerful argument for the 
feasibility of producing a magnetosome-like particle in mammalian cells using a 
subset of magnetotactic bacterial genes. Furthermore, within this subset of gene 
products are protein domains that may function similarly to known mammalian 
proteins (or their functional domains) and could be used in combination with unique 
bacterial magnetosome proteins. Zeytuni et al. have described the similarity between 
MamM, a putative cation diffusion facilitator (CDF) protein, and a mammalian 
member of the CDF superfamily implicated in type II diabetes [ 42 ]. They generated 
mutant MamM to model CDF polymorphisms present in human disease and the 
manner in which select mutations infl uence cation transport, in this case using the 
change(s) in magnetosome biomineralization to monitor the change in CDF func-
tion. This work establishes the broad utility of magnetosome synthesis for biomedi-
cal research, with important ramifi cations for the development of gene-based MR 
contrast using magnetosome-like nanoparticles. 

 There are homologues to several of the genes on the  mamAB  operon in other 
classes of magnetotactic bacteria. Species of   Deltaproteobacteria    that produce 
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bullet- shaped crystals of greigite and/or magnetite have homologues of  mamI , 
 mamL , and  mamM  [ 37 ]. By comparing genomes, Lefèvre et al. have suggested that 
 mamA ,  mamB ,  mamE ,  mamK ,  mamO ,  mamP , and  mamQ  are involved in the synthe-
sis of all types of magnetosomes, whether greigite or magnetite. In addition,  mamI , 
 mamL , and  mamM  may be specifi c to magnetite crystals while a distinct set of 
genes, termed  magnetosome-associated Deltaproteobacteria  ( mad ) genes, specifi es 
greigite biomineralization. These interesting projections are largely based on nucle-
otide and amino acid sequence alignments, which provide a useful roadmap for 
understanding magnetosome synthesis but will require experimental validation. 

 The best studied magnetosomes typically contain magnetite (Fe 3 O 4 ) in a cubo- 
octahedral crystal [ 43 ]. However, the dynamic nature of magnetosome synthesis 
includes different types of biominerals, varying in composition (e.g., greigite, Fe 3 S 4 ) 
[ 13 ,  21 ], crystal structure, and size [ 37 ]. For MRI, the ideal size of a magnetosome- 
like particle in mammalian cells may be smaller than that needed to establish a 
single magnetic domain. While larger biominerals might be required for MR-guided 
movement or thermal ablation [ 44 ], many  applications   such as magnetic particle 
imaging (MPI, discussed below) place constraints on biomineral size and composi-
tion. Hence, not every aspect of the bacterial magnetosome should necessarily be 
reproduced for mammalian cell tracking. By regulating the formation of a 
magnetosome- like particle in mammalian cells, we could draw on select features of 
the nanoparticle and avoid functions that are not indicated for a given application, 
such as unwanted heating or movement that might disrupt tissue at higher fi eld 
strengths. Both thermal and kinetic properties may depend on the arrangement of 
magnetosome(-like) particles within the cell. Since MamJ and MamK have princi-
ple roles in chain formation, their optional expression may provide added versatility 
and would certainly streamline the number of genes required to create magnetosome- 
like particles in mammalian cells. 

 Recently, Kolinko et al. described the stepwise expression of MAI gene clusters 
that closely recapitulated the magnetosome structure in a previously nonmagnetic 
bacterium,   Rhodospirillum rubrum    [ 45 ]. This report provides further evidence that 
a subset of magnetosome genes may be used to impart magnetic properties and that 
potentially all types of cells, from bacteria to mammals, may accommodate this 
nanoparticle without cytotoxic consequences.   

3    Applications 

3.1     MagA-Derived Iron-Labeling and MR  Contrast         

 A putative iron transport protein, MagA, has been cloned from both MS-1 [ 10 ] and 
AMB-1 [ 8 ] species of magnetotactic bacteria and shown to increase MR contrast in 
stably transfected mammalian cells, in response to an iron supplement. Compared 
to overexpression of a modifi ed form of ferritin, lacking iron response elements to 
enable continuous expression, MagA-derived MR contrast appears sooner in mouse 
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tumor xenografts growing subcutaneously from transplanted cells and with greater 
 contrast to noise ratio (CNR)      [ 46 ]. An in vitro analysis of MR relaxation rates con-
fi rmed that iron-supplemented MagA-expressing cells provide signifi cant increases 
in transverse relaxation rates ( R 2*,  R 2, and  R 2 '  ), with little or no change in longitudi-
nal relaxation [ 47 ]. Elemental iron analysis in these cells also correlated an increase 
in iron content with the increase in transverse relaxation rate and the reversible  R2 ' 
component in particular [ 22 ]. 

 To better understand the mechanisms of transverse relaxation in MagA- 
expressing iron-labeled cells, Lee et al. performed nuclear magnetic resonance 
experiments to study the relationship between  R   2   and interecho time (2τ), as 
assessed with a  Carr-Purcell-Meiboom-Gill (CPMG)   sequence [ 48 ]. The  R   2   versus 
2τ curves were analyzed using a previously developed numerical model [ 49 ] that 
provided estimates of the so-called spatial correlation length, representing the dis-
tance scale of microscopic magnetic fi eld variation. In a model where this magnetic 
fi eld variation is caused by uniformly magnetized spheres within tissue, they 
showed that the spatial correlation length is approximately equal to the sphere 
radius. Using this method, the spatial correlation length estimated by Lee et al. in 
iron-supplemented, MagA-expressing MDA-MB-435 cells was on the order of 
250–450 nm, reasonably consistent with transmission electron micrographs of 
MagA-expressing 293FT cells [ 10 ]. In these micrographs, it should be noted that 
the size of dense core clusters and the size of individual particles within these clus-
ters (estimated at 3–5 nm [ 10 ]) are approximately 100-fold different. If the putative 
magnetosome-like particle size created in mammalian systems (i.e., dense core 
clusters) through the expression of a single magnetotactic bacterial gene is compa-
rable to the bacterial magnetosome (~50 nm), then the biomineral structure and 
magnetic properties are still poorly developed. This is not surprising given the num-
ber of MAI genes used by magnetotactic bacteria, especially for growth of the 
biomineral (Fig.  2 ). Even the expression of Mms6 alone, a magnetosome protein 
involved in crystal maturation [ 50 ], provided an MR signal and particle size in 
mammalian cells that was no better than MagA-derived contrast [ 9 ]. Taken together, 
these results and the current understanding of magnetosome synthesis suggest that 
a combination of genes is likely needed to improve the biomineral structure and MR 
signal derived from a magnetosome- like particle in mammalian cells. 

 However rudimentary, MagA and  Mms6         expression each provide a baseline MR 
signal upon which to build. These magnetotactic bacterial genes are compatible with 
mammalian cell culture models and/or tumor cell biology [ 46 ], and in a variety of 
mammalian systems MagA expression poses no apparent immune or cytotoxic 
responses [ 8 ,  51 ,  52 ]. In addition, the feasibility of inducible MagA expression in 
mouse embryonic stem cells was recently demonstrated using intracranial grafts and 
7 T MRI [ 53 ]. Despite these proof-of-principle studies, relatively few magnetosome- 
associated genes have been tested in mammalian cell systems; however, a more thor-
ough examination of these bacterial genes may further augment and refi ne gene-based 
MR contrast. The research in mammalian models should also help clarify which 
magnetotactic bacterial genes are essential for a properly  functioning magnetosome 
and how best to modify this structure for different biotechnological applications.  
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3.2      Reporter Gene Expression      

 Collingwood and Davidson have recently reviewed methods of measuring iron 
biominerals, their localization, and quantifi cation in the cell using synchrotron tech-
nology [ 54 ]. The authors conclude that the most important thing to understand 
about the role of iron in neuropathology is not the total concentration of iron or its 
localization in the cell but rather the interactions between iron and iron-handling 
protein(s). If correct, then the interactions of magnetosome and mammalian pro-
teins should be invaluable for enhancing the infl uence of iron biomineral properties 
on the MRI signal and for identifying distinct MR signatures. 

 Virtually, all models of magnetosome assembly now incorporate the notion of a 
protein scaffold, in which sequential addition of proteins that interact generates the 
molecular structure required for optimal function. The scaffold is like what you fi nd 
on a construction site when laborers need to work on the roof. If pieces are missing, 
then you cannot build a structure high enough to complete the job. Similarly, the 
framework upon which one builds a magnetosome-like nanoparticle in mammalian 
cells may entail several proteins that do not produce contrast but without which 
effective MR contrast cannot be achieved. This is an opportunity for reporter gene 
expression of genes that somehow  complement      the structure of the iron biomineral, 
be that proper formation of the magnetosome compartment, arrangement within the 
cell, composition of the crystal, its shape or size.  

3.3     MRI Detection of Iron  Metabolism   

 Perhaps an unexplored benefi t of developing methods for detection of gene-based 
contrast is the potential use of MRI for measuring changes in iron metabolism [ 22 ]. 
In most cell culture models, MagA expression increases the amount of cellular iron, 
only in response to an extracellular iron supplement [ 47 ]. In this way, MagA acts as 
a beacon indicating a change in the extracellular environment, which may ulti-
mately be a useful diagnostic tool. 

 For multipotent P19 cells, in which the parental line displays high iron import 
and export, similar to the iron recycling phenotype of M2 macrophages, the infl u-
ence of MagA expression modulates iron export but has little effect on iron uptake 
[ 51 ]. Although further studies are needed to delineate the mechanism of MagA 
function in mammalian cells, there may be a therapeutic role for MagA expression 
in iron regulation or dysregulation. With the increasing awareness and understanding 
of inappropriate iron handling in neurological disorders [ 54 ], blood disorders [ 55 ], 
and infl ammation [ 28 ,  56 ], future cell therapies might benefi t from  the   magnetosome- 
like particle as a vehicle for removal or delivery of iron.  
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3.4     Estimated Limits of Sensitivity of  MRI Reporter Gene 
Expression   Based on the Magnetosome 

 Assuming that mammalian cells can eventually be engineered to express a 
magnetosome- like particle with the same capacity to produce iron biominerals as 
magnetotactic bacteria, per unit volume, we have estimated the limit of sensitivity 
of MRI reporter gene expression. We will express this limit as the number of mam-
malian cells required to produce a change in  R   2   (Δ R   2  ) of 1 s −1 . For this calculation, 
we have used the results of Benoit et al. [ 57 ] in which magnetotactic bacteria were 
imaged within mouse tumors. In this work, the amount of iron per bacterial cell was 
measured by magnetometry and gave 2.2 × 10 −15  g (3.9 × 10 −11  μmol Fe) when the 
bacteria were cultured in the presence of 40 μM ferric malate and 0.64 × 10 −15  g 
(1.15 × 10 −11  μmol Fe) when the iron supplement was 40 μM FeCl 3 . The correspond-
ing  R   2   relaxivities reported were 48 s −1 /mM and 337 s −1 /mM, respectively. Using the 
latter value, the concentration of iron required to produce a Δ R   2   of 1 s −1  is equal to 
1 s −1 /(337 s −1 /mM) ≈ 3 μM. Assuming that mammalian cells could hold approxi-
mately 100 times more iron than magnetotactic bacteria, this iron concentration 
corresponds to a cellular concentration of (3 μmol/L)/(100 × 1.15 × 10 −11  μmol/
cell) = 2.6 × 10 9  cells/L. For imaging of large animals and humans, one can assume 
a 1 μL voxel, and hence the number of cells per voxel required to produce a Δ R   2   of 
1 s −1  would be 2600. In order to extend this estimate to small animal (e.g., mouse) 
imaging using the same criterion (Δ R   2   = 1 s −1 ), we must assume similar  signal to 
noise ratio (SNR)   as in the large animal case. We note that SNR scales with the 
volume of tissue ( V  T ) within the radiofrequency coil as 1/( V  T ) 5/6  [ 58 ]. For a mouse 
(20 g) compared to a human (70 kg) this corresponds to a factor of (3500) 5/6  for an 
estimate of ~900–1000 cells. Therefore, assuming similar sequence and coil design 
for mouse and human imaging, the corresponding mouse voxel would be 
10 −3  μL. Hence, the number of cells in this small animal voxel required to produce 
a Δ R   2   of 1 s −1  would be approximately 2600/1000 ~ 3. Based on this calculation, 
sensitive imaging of relatively few cells could theoretically be achieved by develop-
ing MRI reporter gene expression modeled on the magnetosome. 

 To approach this projection in vivo, mammalian cells expressing a magnetosome- 
like particle would presumably draw on cellular stores of iron. Typically, this 
involves the uptake of transferrin-bound iron from the circulation, which is 
introduced into cells through transferrin receptor-mediated endocytosis [ 22 ]. Once 
internalized, iron homeostasis is tightly regulated by Iron Binding Proteins. Excess 
iron is stored in ferritin while the labile iron pool provides metal ion cofactor for the 
immediate needs of the cell. Consistent with this, MagA-derived MR contrast in 
P19 cells reduces apparent iron export activity, with little or no infl uence on iron 
uptake [ 59 ].  This   fi nding suggests that intracellular iron may be rerouted for differ-
ent purposes and in response to magnetotactic bacterial transgene expression.  
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3.5     Applications in  Magnetic Particle Imaging   

 Particles of maghemite (γ-Fe 2 O 3 ), an oxidized form of magnetite [ 60 ], are used 
exclusively in MPI. The size of these  superparamagnetic iron oxide nanoparticles 
(SPION)   is smaller than the iron core needed to hold one magnetic fi eld domain. 
Consequently, SPION have predominantly fast relaxation rates as the internal mag-
netization of the iron core rotates in response to an external time-changing magnetic 
fi eld (Néel relaxation). When the size of an iron biomineral exceeds approximately 
25 nm, as is the case for most magnetosomes produced by bacteria, the particle then 
holds one magnetic fi eld domain and responds to an altered magnetic fi eld, such as 
used in MPI, primarily by Brownian relaxation. This motion requires the particle 
itself to rotate in its environment. Since both the iron core and the nonmagnetic 
outer shell must physically rotate, Brownian relaxation is much slower than Néel 
relaxation. Thus, in general MPI is optimal (with respect to spatial resolution and 
SNR) when the iron core of the MPI tracer is just below the transition from Néel to 
Brownian relaxation [ 61 ]. In addition, the dependence of imaging frequency on 
particle size permits MPI to discriminate SPION of different sizes [ 62 ]. 

 Depending on the species, magnetotactic bacteria synthesize magnetosomes that 
range in size and shape of the magnetite biomineral [ 13 ]. Regardless, these nanopar-
ticles are large enough to hold one magnetic fi eld domain and arrangement of mag-
netosomes in a chain-like structure enables magnetotaxis as a response to the earth’s 
geomagnetic fi eld. Thus, magnetosomes (~25–120 nm) [ 13 ,  57 ] typically exceed 
the Néel/Brownian transition size (20–25 nm). However, it should be feasible to 
tailor the synthesis of a magnetosome-like particle [ 21 ] such that the biomineral 
meets the desired size and shape for multispectral MPI. Since current sources of 
SPION, such as Resovist, have such a spread in size that they reduce MPI sensitiv-
ity and spatial resolution, developing a more uniform preparation from a biological 
source like magnetotactic bacteria would be worthwhile. MPI would benefi t signifi -
cantly if a) SPION of well-defi ned sizes could be reliably produced and b) the tech-
nology could incorporate a reporter gene. Unlike MRI, in which there is potential 
for development of nonmagnetite-based reporter gene expression, MPI reporter 
genes must be maghemite- and/or magnetite-based. Hence, preclinical MPI would 
benefi t enormously from the expression of magnetosome-like magnetite nanoparti-
cles and would rival reporter gene applications in preclinical MRI due to the superior 
sensitivity of MPI, which might be comparable to PET in the future [ 63 ]. In addi-
tion, MPI, like PET and  19 F-MRI [ 64 ], is intrinsically quantitative [ 65 ]. This is an 
important advantage over the use of MRI, which becomes problematic when the 
concentration of SPIO reaches the level of pg/cell [ 66 ]. 

 Interestingly, there  is   evidence in the fossil record that much larger iron biomin-
erals, on the order of 4 μm, were created by biological systems, possibly including 
eukaryotes [ 67 ]. Ortega et al. [ 68 ] used PC-12 cells as a model for the dopaminergic 
neuron in Parkinson’s disease (PD) research. These cells differentiate into neurons 
in response to nerve growth factor. Using an extracellular iron supplement 
of 300 mM FeSO 4  for 24 h and synchrotron technology, they demonstrated that 
iron was present in 200 nm structures in the cytosol and in neurite outgrowths. 
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This is consistent with postmortem analysis of the human brain from individuals 
affl icted with PD, which shows iron in neuromelanin granules [ 54 ]. All these reports 
provide evidence of subcellular iron compartments, quite apart from the traditional 
ferritin storage. Hence, the real potential of MRI reporter gene expression and genera-
tion of sizable iron biominerals for molecular imaging may approach the type of SPIO 
nanoparticles that have been successfully used to label and track cells by MRI [ 69 ].   

4     Conclusion 

 To develop effective reporter gene expression for MRI, the genetic ability of mag-
netotactic bacteria may be exploited to impart magnetic characteristics to mamma-
lian cells through expression of select magnetosome-related genes. The formation 
of magnetosome-like nanoparticles in mammalian systems does not necessarily 
require all the features of the bacterial magnetosome [ 23 ,  45 ]. Based on the success 
of MagA- and Mms6-derived MR contrast, an imperfect magnetosome-like com-
partment and/or biomineral may be suffi cient, if not desirable, for MRI. Moreover, 
the stepwise addition of some of the essential magnetosome genes may reconstitute 
aspects of the magnetosome-like structure that could be associated with changes in 
cell/tissue contrast and provide unique signatures for MRI reporter gene expression. 
Employing this type of gene-based MR contrast will not only provide a method for 
regulating cellular iron biominerals and quantifying the response to transcription 
factor stimulation, but also enhance the capability of hybrid imaging platforms, 
such as PET/MRI, and the simultaneous detection of multiple in vivo activities 
(e.g., edema, hemorrhage, ischemia, infl ammation) with anatomical precision. 
Further development of this medical, molecular imaging tool will enable early char-
acterization of disease progression in both small and large animal models, and forge 
a path for translation of cell therapies to patient care [ 70 ].     
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      PET/SPECT/MRI Multimodal Nanoparticles                     

     Tang     Tang *    ,     Joel     Garcia*    , and     Angelique     Y.     Louie    

1           Introduction 

  Medical imaging techniques   have dramatically improved in the past few decades, 
leading to positive impacts on early detection and diagnosis of disease; however, 
further improvements are necessary to truly optimize diagnostic accuracy. 
 Multimodal imaging   emerged as a means to merge the strengths of different modali-
ties and provide complementary information to better meet clinical diagnostic 
challenges. While magnetic resonance imaging (MRI) and computed tomography 
(CT) offer high-resolution images (in the μm range) with anatomic information, the 
nuclear imaging techniques of positron emission tomography (PET) and single- 
photon emission computed tomography (SPECT) can provide very high sensitivity 
(in the pM range) [ 1 ].  Hybrid imaging instruments   have been developed that com-
bine these modalities to allow acquisition of high-sensitivity and high-resolution 
information simultaneously, and overcome limitations of having to move a patient 
between modalities. 
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 In general, a multimodal system contains an imaging technique that renders struc-
tural information (such as MRI, CT, or ultrasound) and an imaging modality that pro-
vides high-sensitivity, functional, or molecular information (PET, SPECT, or optical). 
Compared to SPECT, PET has higher sensitivity (by approximately two to three orders 
of magnitude), higher spatial and temporal resolution, and better attenuation correc-
tion, but it comes at a higher cost. On the other hand, SPECT offers the possibility to 
widen the observational time window, due to the longer half- life of single-photon emit-
ters. Generally, biological considerations are the ultimate deciding factors when choos-
ing between  PET vs. SPECT   [ 2 ]. Both PET and SPECT lack anatomic information 
and have relatively poor resolution. This imaging limitation has led to the development 
of hybrid systems to fuse PET or SPECT with CT to provide anatomic context. 
Multimodal imaging attracted wide attention with its introduction in the 1990s through 
the fi rst PET/CT scanners [ 3 ]. Since then many other types of  multimodal systems   
have been investigated and there has been promising progress. Today, the PET/CT 
system has been successfully accepted in clinics worldwide [ 4 ], and the number of 
SPECT/CT systems is also increasing at a brisk pace. However, CT has a rather narrow 
range of soft tissue contrast and the use of ionization  radiatio  n from CT restricts its 
application when repeated scans are needed. Alternative  hybrid systems   such as PET/
MRI or SPECT/MRI, where excellent soft tissue contrast is rendered without ionizing 
radiation, are the topics of most recent attention, and have shown promise for various 
applications such as imaging brain tumors and cardiovascular diseases [ 5 ]. 

 Along with progress in the  imaging instruments and techniques  , novel multi-
modal imaging probes have been developed to support these synergistic systems. In 
this chapter, we will focus on the development of PET/MRI and SPECT/MRI probes 
that have been reported in the past 5 years. Probe designs will be highlighted in 
Sect.  2 , with interesting or promising applications discussed in Sect.  3 . We limit our 
review to the most unique designs and applications; review articles on general probe 
design and synthesis as well as clinical applications of multimodal nanoparticles 
can be found elsewhere [ 6 – 9 ].  

2      Designs of PET/MRI and SPECT/MRI Probes 

 Multimodal imaging probes have the potential advantage of  temporal and spatial 
correlation   of different imaging modalities. Compared with using a cocktail of 
probes for different modalities, a single platform avoids differential biodistribution 
and allows simultaneous imaging of the same biomarker by different modalities. 
 Nanoparticles   have physical and chemical traits that are benefi cial for construction 
of multimodal imaging probes. For example, the large surface area of nanoparticles 
allows for introduction of different functional groups for imaging and targeting. A 
schematic representation of typically reported, nanoparticle-based, multimodal 
imaging probes is shown in Fig.  1 . In general, reported probes contained: (1) an 
MRI component, which is normally a gadolinium-based  T  1  contrast agent or an iron 
oxide-based  T  2  contrast agent; (2) a radionuclide component, through direct 
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labeling with radiohalides (e.g.,  18 F,  124 I) or attachment of radiometals for PET (e.g., 
 68 Ga,  64 Cu,  89 Zr) or SPECT (e.g.,  99m Tc,  111 In) through chelators; and (3) surface 
coating to improve stability and biocompatibility. For probes targeted to specifi c 
biomarkers, targeting moieties are conjugated on the outer surface to direct 
accumulation of probes at sites of interest. Summaries of the physical properties of 
PET/MRI and SPECT/MRI probes found in the recent literature are given in 
Tables  1  and  2 , respectively. There have been two major classes of multimodal 
nanoparticle probes reported: iron oxide- and liposome/polymer-based nanoparticle 
probes. In this section, the unique designs for the nanoparticle core and surfaces will 
be summarized. Also, the chemical synthesis, radiolabeling, and stability assess-
ment for multimodal nanoparticle-based probes will be briefl y discussed.

2.1          Iron Oxide-Based Imaging Probes   

 Iron oxide nanoparticles (maghemite γ-Fe 2 O 3  or magnetite Fe 3 O 4 ) are commonly 
used platforms for constructing multimodal probes for PET/MR and SPECT/MR 
imaging because of their unique magnetic and biological properties. Iron oxide 
nanoparticles, in general, have an excellent biocompatibility profi le at concentration 
ranges suitable for most diagnostic applications (0.1–10 μg/mL) because iron taken 
up by the liver and spleen is metabolized and joins the physiological iron pool. 
However, concerns for cytotoxicity could arise when concentrations of 100 μg/mL of 
iron oxide nanoparticles are exceeded [ 10 ] and adverse reactions such as hypoten-
sion and back pain have been reported for some formulations [ 11 ]. Besides biocom-
patibility, the large surface-to-volume ratio for iron oxide nanoparticles has been 
attractive for development of targeted agents. In addition, self-heating of these 
nanoparticles in the presence of alternating magnetic fi elds could facilitate controlled 
drug release or cytolysis of tumor cells [ 12 ], which has spurred interest in developing 
these magnetic nanoparticles as therapeutic agents for tumor treatments. 

  Fig. 1    Schematic representation of commonly used nanoparticle-based PET/MRI and SPECT/
MRI probes       
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 The synthetic designs of recently reported PET/MRI and SPECT/MRI 
nanoparticle- based multimodal probes are heavily dependent on the proposed usage 
of these probes in vivo. Some properties can be engineered into the core of the 
nanoparticle itself, and preparation of the iron oxide nanoparticles under controlled 
conditions (concentration of precursors, temperature, and solvent system) can mod-
ulate core properties (composition, hydrodynamic diameter, polydispersity, and 
shape). These properties of the core have been tailored to infl uence the biodistribu-
tion, blood circulation half-life, and magnetic anisotropy. For example, incorpora-
tion of cation dopants into the core of iron oxide nanoparticles can alter magnetic 
anisotropy and can provide additional imaging capability such as fl uorescent imag-
ing. Cui et al. developed hybrid inorganic composites and their variants: Fe 3 O 4 @
NaYF 4  core/shell nanoparticles, and bisphosphonate polyethylene glycol (BP-PEG)-
coated Co 0.16 Fe 2.84 O 4 @NaYF 4 (Yb,Er)-BP-PEG and Fe 3 O 4 @NaYF 4 (Yb,Tm)-BP- 
PEG nanoparticles. These nanocomposites contained different lanthanide cation 
dopants Yb (sensitizer), Er, or Tm in NaYF 4  shell for up-conversion fl uorescence, 
and Co incorporated in the Fe 3 O 4  core to adjust the magnetic properties of the 
nanoparticles [ 13 ]. Up- conversion   fl uorescence (emission of light at a shorter wave-
length than the excitation wavelength) with emission peaks at 700 and 800 nm was 
observed for Fe 3 O 4 @NaYF 4 (Yb,Tm)-BP-PEG nanocomposites while emission sig-
nals centered at 525, 550, and 650 nm were obtained for Co 0.16 Fe 2.84 O 4 @
NaYF 4 (Yb,Er)-BP-PEG nanoparticles upon excitation with a 980-nm laser. The 
high affi nity of NaYF 4  for [ 18 F-fl uoride] and the ability of bisphosphonate moiety to 
chelate  99m Tc and  64 Cu radiometals facilitated multimodal PET/MR/optical or 
SPECT/MR/optical imaging. 

 Surface modifi cations to introduce reactive moieties on the surface of the 
nanoparticles are often implemented. This includes attachment of chelators of MRI- 
active metals (e.g., Gd 3+  and Mn 2+ ) and radiometals for multimodal imaging; addi-
tion of ligands that allow targeting; conjugation with fl uorescent dyes enabling 
optical imaging; and loading with drugs for delivery. The surface functionalization 
of reported SPECT/MRI and PET/MRI probes typically involves modifi cation of 
the surface with abundant –NH 2  or –COOH groups for conjugation using any num-
ber of conjugation chemistries. For example, the –NH 2  groups in the common coat-
ing material poly(ethylene glycol) 2-aminoethyl ether acetic acid (NH 2 -PEG-COOH) 
can be activated by m-maleimidobenzoyl- N -hydroxysulfosuccinimidyl ester 
 (sulfo- MBS) for subsequent functionalization with targeting groups through a thiol- 
maleimide linkage [ 14 ] (Scheme  1 ). A structural derivative of PEG, 
COOH-PEG-COOH, can be conjugated to amine-terminated ligands such as 
phospholipid- binding Annexin V [ 15 ], an anti-gastric cancer monoclonal antibody 
3H11 [ 16 ], by activating the –COOH groups via NHS-based biolinkers such as 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)/sulfo- N - 
hydroxysuccinimide (sulfo-NHS). The –COOH of carboxymethyl dextran on the 
iron oxide nanoparticle surfaces can be conjugated to chelators  or   targeting ligands 
using EDC/NHS via carbodiimide coupling chemistry. Similarly, EDC/NHS chem-
istry can be used to conjugate asiologlycoprotein-targeted lactobionic acid to the 
free amine groups of dopamine [ 17 ].
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2.2         Non Iron Oxide-Based Imaging Probes   

 Liposomes have long been used as carriers for gadolinium-based MRI contrast 
agents. They are spherical vesicles composed of a bilayer of phospholipids with an 
aqueous interior [ 18 ]. By encapsulating large amounts of gadolinium ions, liposome- 
based nanoprobes have much higher longitudinal and transverse relaxivities com-
pared with single molecule gadolinium chelates. The ability to accommodate 
different components (both lipophilic and hydrophilic compounds) makes the lipo-
some an interesting vehicle for combined multimodal imaging and drug delivery 
systems. For example, de Vries et al. reported a multimodal liposome probe (182 nm 
in diameter) carrying gadolinium chelates,  111 In chelates, rhodamine dye, and 
tumor-targeted cyclic RGD peptides (Fig.  2 ) [ 19 ]. The liposomes were prepared by 
the widely used thin fi lm hydration method, where a thin lipid fi lm is hydrated using 
buffer or other aqueous solutions to form the liposome. A biocompatible polymer 
coating, polyethylene glycol (PEG), was added to offer improved in vivo stability 
and blood half-life. In addition to SPECT/MRI dual modality imaging and SPECT- 
based quantifi cation, the liposome cargo allowed in vitro and in vivo determination 
of local/cellular concentrations of gadolinium (given that the ratio of gadolinium to 
radionuclide of the probe was known), and permitted calculation of relaxivities in 
biological environments. A similar liposomal nanoprobe targeted to tumors using 
the RGD peptide and the neuropeptide substance P (binds to neurokinin-1 receptor), 
however, revealed only moderate tumor uptake and no additive effect of dual- 
targeting approach [ 18 ]. These fi ndings suggest that the liposome-based probes 
have potential for further targeting optimization.

   Similar to liposome-based agents, polymer-based contrast agents, such as den-
drimers or polysiloxane probes, can also increase the payload of gadolinium ions 
by permitting grafting of multiple gadolinium chelates to the same carrier. 

  Scheme 1    Crosslinking strategies used in multimodal nanoparticle-based SPECT/MRI and PET/
MRI probes for surface functionalization and subsequent ligand attachment       
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A  polysiloxane matrix was reported that carried Gd 3+  and  68 Ga 3+  macrocyclic 
chelates in a single particle, such as in a PET/MRI dual-modal imaging probe 
(Fig.  3 ) [ 20 ]. This interesting ultrasmall (2.5 nm in diameter), rigid platform was 
synthesized from a combination of bottom-up and top-down methods, where gado-
linium oxide cores (1.7 nm) were fi rst synthesized and induced hydrolysis-conden-
sation of silane precursors on the surface to form monodispersed polysiloxane 
shells in diethylene glycol (bottom-up). Macrocyclic chelators, such as DOTAGA 
(1,4,7,10-tetraazacyclododecane-1-glutaric anhydride-4,7,10-triacetic acid), were 
then conjugated to the core-shell particles. When the particles were transferred in 
water, the macrocyclic chelators strongly accelerated the dissolution of Gd 2 O 3  core 
in aqueous solutions. Since the polysiloxane layer was thin, the defects in this 
layer might have favored the migration of Gd 3+  out of the  core  . The gadolinium 
ions were then chelated by the macrocyclic moieties and the hollow polysiloxane 
structure collapsed and fragmented into small and rigid scaffolds (top-down). 
The fi nal particle has a slightly positive charge (+4.5 mV) at physiological pH and 

  Fig. 3    Schematic representations of ultrasmall polysiloxane-based multimodal imaging probe. 
Figure adapted from Ref. [ 20 ]       

  Fig. 2    Schematic representations of multimodal RGD‐conjugated liposomal contrast agent. 
Figure adapted from Ref. [ 19 ]       
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was demonstrated as a promising PET/MRI polymer-based imaging probe. 
Compared with traditional methods, where polymers/dendrimers are synthesized 
in complicated steps to become scaffolds large enough to conjugate gadolinium 
chelates, this method is simpler and more effi cient. A uniform polysiloxane matrix 
was formed on the core surface and hosted about 8 chelates per particle.

   Beside liposomes and polymers, researchers have also investigated inorganic 
nanomaterials as scaffolds for imaging probes. Fullerene cages were reported to 
provide large surface functionalization and biocompatibility [ 21 ]. Their ability to 
isolate the metals from the biological system by keeping them inside the carbon 
cages lowers systemic toxicity. Mesoporous silica nanoparticles, which also have 
very high surface area for metal chelates (Gd 3+ / 64 Cu 2+ -DTPA) like other nanoparti-
cles, demonstrated not only their ability as PET/MRI probes, but also their potential 
as therapeutic vectors. With their high pore volume (0.6–1 cm 3 /g), drug loading of 
higher than 30 % weight can be achieved in these mesoporous nanoconstructs [ 22 ].  

2.3     Radiolabeling and Stability Studies 

 Radiolabeling MRI probes adds a quantitative component and allows for the 
determination of the  pharmacokinetics and biodistribution profi le   of nanoprobes 
through measuring the radioactivity in tissues. To this end, the radionuclide of 
choice depends on the imaging application of a particular probe.  Radionuclides   
such as  99m Tc [ 12 ,  14 ,  15 ,  23 – 28 ],  125 I [ 12 ,  16 ,  29 ,  30 ],  131 I [ 31 ],  111 In [ 18 ,  19 ,  32 ,  33 ], 
 59 Fe [ 34 ], and  177 Lu [ 35 ] have been explored for multimodal nanoparticle-based 
SPECT/MRI probes while  18 F [ 13 ],  59 Ge [ 36 ],  68 Ga [ 20 ,  37 ],  64 Cu [ 22 ,  38 ], and  89 Zr 
[ 39 ] have been reported for PET/MRI probes.  99m Tc is the most commonly used 
γ-emitting SPECT radionuclide having a half-life of 6 h, useful γ-energy (140 keV), 
and widespread availability through  99 Mo- 99m Tc generators. The quantity of the 
reducing agent, SnCl 2  used in synthesis, is a critical parameter during direct labeling 
of a multimodal nanoparticle probe using  99m TcO 4  –  and needs to be optimized to 
circumvent any undesirable radiocolloids or free pertechnate resulting from incom-
plete reduction. The utility of  99m Tc is limited by its relatively short half-life 
( t  1/2  = 6 h) and may not be applicable for use in tracking stem cells in vivo. Therefore, 
radiolabeling with radionuclides such as  125 I ( t  1/2  = 59 days) and  69 Ge ( t  1/2  = 39.05 
days) with longer half-life for SPECT and PET imaging, respectively, has been 
proposed to monitor transplanted stem cells using SPECT imaging [ 29 ] or perform 
immuno-PET imaging using radiolabeled antibodies [ 36 ]. However, the damaging 
ionizing radiation of gamma rays at the cellular level may limit the use of gamma-
emitting radionuclides for cell tracking. Gamma radiation is typically used more in 
therapeutic applications than diagnostic. Exposure to more than 1 Gy of  gamma 
radiation   may lead to acute radiation syndrome that may result in hematopoietic 
disorder, gastrointestinal disturbance, and cardiovascular instability; while 
absorption doses of 30–50 Gy can result in blistering and necrosis in 3 weeks [ 40 ]. 

 In addition, radiolabeling of nanoparticles with  69 Ge using traditional  chelator- 
based methods   is challenging.  Germanium species   in aqueous solution exist in 
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multiple forms Ge(OH) 4 , [Ge(OH) 3 ] – , [GeO 2 (OH) 2 ] 2– , and [[Ge(OH) 4 ] 8 (OH) 3 ] 3–  
whose relative proportion is dependent upon the pH of the solvent [ 36 ]. The pres-
ence of different  germanium species   complicates the development of a chelator 
that can coordinate germanium in order for this radiometal to remain attached with 
the nanoparticle. To address the problem of the complex coordination chemistry of 
 69 Ge in aqueous solutions, Chakravarty et al. incorporated  69 Ge through specifi c 
 69 Ge sorption on the surface of the iron oxide nanoparticles, which are coated with 
poly(acrylic acid) (SPION@PAA). To label SPION@PAA, the pH of  69 Ge solution 
was adjusted to 7 using Na 2 CO 3  solution and subsequently added to SPION@PAA 
(dispersed in 1 mM sodium hydroxide, pH 7–8). The radiolabeling yield of 
 69 Ge-SPION@PAA was about 90 % after 24 h of incubation at 37 °C. The specifi c-
ity of  69 Ge adsorption toward the surface of the SPION was demonstrated using 
dense silica to block the SPION surface from  69 Ge and copper sulfi de as nonmetal 
oxide nanoparticles for   69 Ge radiolabeling  . Both cases resulted in low (<15 %) 
radiolabeling yield. On the other hand, the radiolabeling yield for ligand-free 
SPION was >95 % and free PAA did not exhibit any signifi cant radioactivity indi-
cating SPION-specifi c  69 Ge radiolabeling. The prepared  69 Ge-SPION was 
PEGylated to increase in vivo stability. In vitro incubation  69 Ge-SPION@PEG in 
mouse serum at 37 °C for 24 h was found to have ca. 75 % intact  69 Ge while non-
PEGylated  69 Ge-SPION was less stable (<60 % radiolabeling yield) after 6 h of 
incubation. PET imaging studies of  69 Ge-SPION@PEG performed after intrave-
nous injection in normal BALB/c mice revealed liver uptake indicating integrity of 
 69 Ge-SPION@PEG in vivo, while intravenous injection of free  69 Ge exhibited 
rapid renal clearance and nearly no accumulation in the liver [ 36 ]. 

 The most commonly used  radionuclides   for clinical PET imaging such as  18 F 
( t  1/2  = 110 min) are limited by short half-lives. Research isotopes such as  64 Cu 
( t  1/2  = 12.7 h) and  68 Ga ( t  1/2  = 68 min) have longer half-lives and can easily be che-
lated with 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and 
1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA), respectively, forming highly 
stable complexes (pK CuDOTA  = 22.3 [ 38 ], pK GaNOTA  = 30.98 [ 20 ]) (Fig.  4 ). Integrity of 
radiolabeled nanoparticles and stability from dechelation of radiometals are typi-
cally assessed by incubating these nanoparticles in the presence of potent  metal 
chelators   including histidine,  diethylenetriaminepentaacetic acid (DTPA)  , or serum 
(human and/or bovine serum albumin) at physiological temperature, and measuring 
radioactivity at different time points using instant thin layer chromatography using 
different mobile phases. In the work of Tsiapa et al. the evaluation of the  99m Tc bind-
ing with iron oxide nanoparticles was performed by challenge stability studies in the 
presence of DTPA and His using instant thin layer chromatography with acetone 
and normal saline as mobile phases [ 12 ]. When acetone was used as mobile phase, 
 99m TcO 4  ( R  f  = 0.7–1.0) can be separated from  99m Tc-iron oxide nanoparticles ( R  f  = 0). 
On the other hand, saline was used as mobile phase to separate  99m Tc-His and  99m Tc- 
DTPA ( R  f  = 1.0) from  99m TcO 4  and  99m Tc-iron oxide nanoparticles ( R  f  = 0).

   Several research groups used doping into the lattice of  iron oxide nanoparticles   as 
an alternative approach to traditional radiolabeling by chelation, with the notion that 
containment in the nanoparticle core could prevent leaching due to transchelation of 
the radiometal or detachment of the radiolabeled ligand from the nanoparticles. Zeng 
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et al. [ 33 ] incorporated  111 In into the  Fe 3 O 4  lattice  , and the resulting  111 In-doped Fe 3 O 4  
nanoparticles were stable in saline and fetal bovine serum for at least 24 h of incuba-
tion. In a separate proof-of-concept study, Hoffman et al. [ 34 ] reported  59 Fe-labeled 
iron oxide nanoparticles ([ 59 Fe]-SPIONs) where  59 Fe was incorporated into the F 3 O 4  
nanoparticle lattice during thermal decomposition synthesis. No precipitation was 
observed when [ 59 Fe]-SPIONs was incubated in mouse plasma for at least 24 h dem-
onstrating stability. Zhu et al. [ 41 ] introduced Ag component grown onto the Fe 3 O 4  
nanoparticles by adding silver acetate (Fig.  5 ). Introduction of the Ag component on 
the Fe 3 O 4  allows  125 I –  to bind on the Ag surface to produce heterostructured Fe 3 O 4 -
Ag 125 I nanoparticles with 80 % radiolabeling yield and low cell toxicity. While chem-
ical doping provides an alternative approach for radiolabeling without the use of 
 chelators  , the doping process requires time- consuming full batch preparation and 
therefore may not be applicable for radionuclides with short half-lives [ 39 ]. 
Microwave-based synthesis techniques have been demonstrated by our research 
group for incorporating  64 Cu into dextran-coated iron oxide nanoparticles in a pro-
cess that yielded 50 nm nanoparticles with heating times (5 min) signifi cantly shorter 
than traditional methods (2 h) [ 42 ].

  Fig. 4    Structures of chelators for SPECT and PET radiometals       

Ag Agl PEGFe3O4

l-(isotope) MRI/SPECT
Imaging

  Fig. 5    PEGylated ( blue  squiggly lines) Fe 3 O 4 -Ag 125 I heterostructured nanoparticles for MR/
SPECT imaging were prepared by introducing Ag component  (orange circle ) onto the Fe 3 O 4  
( black square ) surface. The Ag component enabled  125 I   attachment onto the Ag surface producing 
Ag 125 I ( red circle ) without changing the morphology of the Fe 3 O 4 -Ag heterodimer core. Reproduced 
with permission from Ref. [ 41 ]       
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   A chelate-free radiolabeling reported by Boros et al. involved the use of the 
oxalate or chloride salts of  89 Zr for labeling onto the surface of the clinically 
approved iron oxide nanoparticle-based drug Feraheme (FH) under aqueous basic 
conditions (pH 8) and elevated temperature (120 °C). Feraheme is comprised of 
iron oxide (Fe 2 O 3 :FeO) nanoparticles that are coated with  carboxymethyl dextran  . 
Incorporation of  89 Zr 4+  into the FH nanoparticles was believed to involve metal ion 
binding to the magnetite crystal surface as supported by electron spin resonance 
spectroscopy data. The radiolabeling of FH nanoparticles was quenched by adding 
desferrioxamine B mesylate (DFO), DTPA, EDTA, or a DTPA/EDTA mixture. 
Stability studies were performed by incubating  89 Zr-FH in sterile saline, DTPA (pH 
7.5), DTPA-EDTA mixture (pH 7), and human and rat plasma at 37 °C for 72 h and 
revealed >85 % intact  89 Zr-FH. However, lower (52 % remaining radioactivity) sta-
bility was obtained when challenged with  desferrioxamine   (DFO, pH 7). The 
relatively lower stability of  89 Zr-FH against challenge with DFO was attributed to 
Fe 3+  extraction from the nanoparticles to form Fe 3+ –DFO complex [ 39 ]. The chemi-
cal scope of the above radiolabeling conditions was extended to  111 In and  64 Cu radio-
nuclides using their chloride salts, and the obtained radiolabeling yields were 91 
and 66 % for  111 In and  64 Cu, respectively. However, stability studies were not per-
formed for these radionuclides. Further studies are needed to understand the mecha-
nism of binding for radionuclides onto the iron oxide nanoparticles and to assess the 
stability of these nanoparticles when radionuclides other than  89 Zr are used for 
radiolabeling. Improvements in stability will also be necessary before these probes 
are ready for the clinic.   

3      In Vivo Imaging Applications 

 Nanoparticle-based imaging probes can be passively endocytosed by macrophages 
or accumulate in tumors or lymph nodes by the enhanced permeability retention 
(EPR) effect. This feature makes nanoparticles an attractive candidate for transla-
tional cancer diagnostic and treatment applications. In addition, the introduction of 
ligands to the nanoparticle surface enables specifi c targeting to disease biomarkers 
and generally results in a much higher labeling effi ciency. In this section, we will 
briefl y discuss PET/MRI and SPECT/MRI nanoprobes that have been used for 
imaging tumor, lymph node, and other targets. 

3.1     PET/MRI: Tumor Imaging 

3.1.1      Convection-Enhanced Delivery (CED)   

 As delivery of imaging probes and drugs to  brain   tumor is a challenging task, CED 
has been designed to overcome diffi culties so that agents that would not normally 
cross the blood-brain barrier can be utilized for imaging or treatment. Probes can be 
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delivered through catheters placed stereotactically directly within the tumor mass or 
around the tumor to improve deliver effi ciency [ 56 ]. For example, an  124 I radiola-
beled tri-gadolinium endohedral metallofullerene Gd 3 N@C 80  nanoprobe platform 
was designed for simultaneous PET/MRI to examine brain tumors [ 21 ]. The surface 
of the fullerene cage was functionalized with carboxyl and hydroxyl groups and 
subsequently radiolabeled with  124 I to produce  124 I-f-Gd 3 N@C 80  nanoprobe. Rats 
bearing T9 rat glioblastoma tumors on the right hemisphere of the brain were infused 
intratumorally with  124 I-f-Gd 3 N@C 80  by CED using a microinjection pump. MRI 
and PET images are shown in Fig.  6 .  T  1 - (panels b, e) and  T  2 - (panels c, f) weighted 
images showed bright and dark contrast, respectively, for the fullerene probe. This 
region was also highlighted by PET signals (panels j, k, l) from the probe. PET 
provides much stronger localization of the tumor, while MRI gives context for posi-
tion of the tumor in the brain. This work has successfully shown the potential of 
metallofullerene-based multimodal probes and could be followed with further stud-
ies to optimize the surface functionality to target specifi c biomarkers. Substitution 
of  124 I with either  125 I or  131 I could serve for therapeutic purposes as well.

3.1.2         Passive Accumulation   

 Several nontargeted nanoparticles have been reported to detect xenografted tumors 
in animal models through passive accumulation by the EPR effect [ 37 ,  45 ,  53 ]. For 
example,  positron emitting magnetic nanoconstructs (PEMs)   of 140 nm in diameter 
comprised of three different compartments: a poly(lactic-co-glycolic acid) core, 
encapsulated USPIO; a phospholipid monolayer, labeled with DOTA- 64 Cu or opti-
cal dye; and poly(ethylene glycol) chains on the outer compartment [ 53 ]. PEMs 
were intravenously injected via tail vein in nude mice bearing MDA-MB-231 human 
breast cancer xenografts and found to passively accumulate in tumors. Images taken 
at 1, 6, and 20 h postinjection showed highlighted vascular pool at fi rst two time 
points, which washed out to allow highlighting of the tumor region at 20 h. PEMs 
have a circulation half-life estimated to be longer than 7 h, which was attributed to 
the  higher   structural rigidity and stability induced by the phospholipid and PEG 
coating. Biodistribution indicated 3.5 % ID/g accumulation in tumor, while the 
majority of the dose resided in the liver (22 % ID/g), spleen (~5 % ID/g), and kidney 
(~5 % ID/g). Although MRI only and PET/CT images were also acquired and both 
showed nonuniform distribution of PEMs surrounding the tumor, clear demonstra-
tion of the advantages of multimodal imaging was not explained in this work.  

3.1.3      Active Accumulation   

 By adding targeting ligands to the outer surface of a particle, probes can be specifi -
cally targeted to tumor biomarkers. For example, integrin α v β 3  is a well-studied, 
cell-adhesion molecule that is expressed on both proliferating tumor vasculature 
and certain tumors cells but not on normal vasculature/cells, and thus has been 
widely targeted as a tumor biomarker. A common construct is to use the cyclic 
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arginine-glycine-aspartic acid (cRGD) peptide, a potent integrin α v β 3  antagonist, to 
improve the specifi c targeting ability of nanoprobes [ 49 ]. Recent work described 
development of a  64 Cu-NOTA-labeled PEGylated SPIO nanocarrier of the antican-
cer drug doxorubicin, conjugated with the cRGD peptide. The cRGD-conjugation 

  Fig. 6    MR images from two representative orthotopic tumor bearing rat brains and microPET images 
from one representative rat infused with the  124 I-f-Gd 3 N@C 80  product. ( a ,  d )  T  1 -weighted images with 
gadodiamide contrast agent. ( b ,  e )  T  1 -weighted images showing bright contrast at the infusion site 
due to the  124 I-f-Gd 3 N@C 80 . ( c ,  f )  T  2 -weighted images with dark contrast due to the  124 I-f- Gd 3 N@C 80 . 
( j ) Coronal, ( k ) axial, and ( l ) sagittal microPET images showing signal from the  124 I-f-Gd 3 N@C 80 . ( g ) 
Coronal, ( h ) axial, and ( i ) sagittal microPET images following  18 F-FDG injection with the additive 
image signal allowing for localization of the  124 I-f-Gd 3 N@C 80  within the right hemisphere of the rat 
brain ( arrows  point to infusion sites). Reproduced with permission from Ref. [ 21 ]       
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signifi cantly improved cellular uptake of the nanocarrier and tumor accumulation. 
This pilot study did not investigate the in vivo therapeutic effect of released 
 doxorubicin. One would expect to see a subsequent study where suffi cient drug can 
be released from these nanocarriers and signifi cantly reduce the tumor size after 
certain days. 

  Epidermal growth factor receptor (EGFR)   is another well-established tumor 
biomarker, and anti-EGFR affi body, protein-modifi ed, gold-iron oxide hetero- 
nanostructure was reported for specifi c diagnosis of various EGFR positive 
tumors [ 43 ]. Oleanolic acid, which has inhibitory effect on colon cancer cells, 
has also been utilized as a tumor-targeting ligand for PET/MRI nanoprobes [ 48 ]. 
More discussion on those tumor targeted probes can also be found on our 
previous review [ 6 ].   

3.2     PET/MRI:  Lymph Node Imaging   

 The  sentinel lymph node (SLN)   is considered the fi rst regional lymph node 
receiving lymphatic drainage from tumor and probably the fi rst node where 
metastatic cells anchor. Therefore, accurate localization and identifi cation of 
lymph nodes is important for cancer staging and surgical planning. However, 
the current procedure for SLN identifi cation and subsequent removal (along 
with the primary tumor) involves a surgical procedure guided by a mixture of a 
radiolabeled colloid ( 99m Tc) and a blue dye; this colloid is nonspecifi c and 
labeled lymph nodes may or may not be cancerous. This SPECT method also 
suffers from limited spatial resolution. 

 A new approach takes advantage of the combined sensitivity and resolution of 
PET/MR imaging with the aid of multimodal, radiolabeled, iron oxide nanoparticles. 
The high resolution provided by PET/MR imaging enables detection of lymphatic 
micrometastases and better visualization of tumor invasion [ 8 ]. Particle size com-
bined with surface properties plays an important role in enhancing lymphatic trans-
port. Small particles with hydrodynamic diameter of <100 nm are transported and 
taken up more readily by the lymphatic ducts. For example, Cui et al. investigated 
the reaction of the popliteal lymph node in response to an acute infl ammatory stimu-
lus of lipopolysaccharide (LPS) injected into the foot [ 13 ]. After LPS induced 
infl ammation, a solution of  18 F-labeled Co 0.16 Fe 2.84 O 4 @NaYF 4 (Yb,Er)-BP-PEG was 
injected into each of the two rear footpads of a female C57BL/6 mice. The MR 
image (Fig.  7 ) revealed a white spot with darkened background in the right popliteal 
lymph node, whereas a black spot with a white background was evident in the left 
counterpart. This observed contrast in the right popliteal lymph node was believed to 
be due to the LPS-induced response from macrophages migrating to draining lymph 
nodes, which tend to localize in the capsular layer of the lymph nodes. These macro-
phages may have consumed the radiolabeled nanoparticles resulting in lower PET 
signal intensity for the infl amed popliteal lymph node relative to the normal popliteal 
lymph node; hence, normal lymph node appears brighter than the infl amed lymph 
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node as seen in Panels a and b of Fig.  7 . While the PET images allowed easy detec-
tion of relevant lymph nodes, MRI provided resolution lacking in PET to delineate 
the distribution of contrast agents in and around the lymph node. The role for the 
NaYF 4  incorporated on the nanoparticles was not demonstrated in this work, but its 
fl uorescent properties could be explored as a potential visual guide during surgery.

3.3        PET/MRI: Other Applications 

3.3.1      Atherosclerosis      

 The rupture of vulnerable atherosclerotic plaques can lead to acute clinical events, 
such as stroke or myocardial infarction. Thus, noninvasive and sensitive detection 
of vulnerable plaques has gained wide interest and attention. Our group has studied 
a number of nanoparticle-based PET/MRI probes to visualize vulnerable 
atherosclerotic plaques. We have reported three types of agents, MDIO- 64 Cu-DOTA, 
SDIO- DO3A, and mal-BSA- 64 Cu/Gd-DOTA nanoparticles targeted to macrophage 
scavenger receptor A, to label macrophages accumulated in the vulnerable plaques 
[ 38 ,  46 ,  57 ]. We used sensitive, whole body, PET images to identify infl amed 
plaques, which then can guide the high-resolution MRI to acquire detailed local 
information (Fig.  8 ). The PET prescan (Fig.  8a ) reveals sites of macrophage 

  Fig. 7    Lymph node PET/MR imaging of a mouse with infl amed right leg using  18 F-labeled 
Fe 3 O 4 @NaYF 4 (Yb,Tm)-BP-PEG nanoparticles: ( a ) PET image showing popliteal and iliac lymph 
nodes (coronal section); ( b ) PET/MR fused image (coronal section); ( c ) MR image (coronal sec-
tion) with darkening contrast inside popliteal lymph node at left-rear ( white circle ) and “outside” 
lymph node at the infl amed right-rear ( red circle ) induced by injection of lipopolysaccharide 18 h 
prior to imaging, and at iliac lymph node; and ( d ,  e ) enlarged MR images of corresponding lymph 
nodes. The MR image revealed a white spot with darkened background in the right popliteal lymph 
node, whereas a black spot with a white background was evident in the left counterpart. In this 
case, the PET image was used for easier identifi cation of the radiolabeled agents, while the MR 
images revealed distribution and uptake of the nanoparticles inside and outside the lymph nodes. 
Adapted with permission from Ref [ 13 ]       
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accumulation that can direct the observer where to look more closely for detailed 
MRI signal (Fig.  8b ). Rendering multimodal imaging sets is a challenge and we 
have been working with computer scientists to develop programs that can display 

  Fig. 8    Multimodal probe accumulate in the injured vessel of the rat carotid clamp injury model. 
( a ) Coronal view PET image of the rat thorax shows a region of high signal intensity indicating 
probe accumulation in macrophages; however, it is diffi cult to interpret the tissue of origin for the 
signal without anatomical information. Scale bar = 20 mm. ( b ) Higher magnifi cation MR images 
for the volume indicated by the boxed area in A reveal that the PET signal correlates to the carotid 
artery on the left. Scale bar = 5 mm. This vessel also shows elevated MR contrast and thicker vessel 
walls compared to the vessel on the right, ( c ) 3D reconstruction of MRI and PET data from the 
carotids is shown protruding from a plane in the MR image. This view illustrates that the probes 
are localized to the vessel wall of the injured carotid artery ( purple ), higher MR signal intensities 
relative to vessel background signal are rendered in green, and PET intensities are in orange. The 
contralateral uninjured vessel is  yellow . Images rendered by segmentation. Scale bar = 5 mm. 
Reproduced with permission from Ref. [ 57 ]       
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multimodal data in more informative graphics (Fig.  8c ). The nanoparticles actively 
accumulated in infl amed plaques in the injured carotid artery in mouse and rat mod-
els, but not in the contralateral control, demonstrating that the probes are promising 
for future clinical translations. We have recently characterized the binding proper-
ties of these nanoparticle agents and found that the binding affi nities for the nanopar-
ticles were similar to that of free ligands to the scavenger receptor [ 46 ].

3.4         SPECT/MRI:  Tumor Imaging   

 Reported nanoparticle-based, SPECT/MRI probes have featured a variety of tumor- 
specifi c ligands. As mentioned earlier, attaching a ligand to a receptor found on 
tumor cells can increase tumor labeling compared to the passive approach, which 
relies on the EPR effect. Biomarker-targeting ligands that have been reported for 
nanoparticle-based, SPECT/MRI probes for tumor imaging include peptides (RGD) 
[ 19 ], monoclonal antibodies (antiangiogenic antibody Bevacizumab [ 26 ], antimeso-
thelin [ 32 ], antigastric cancer monoclonal antibody 3H11 [ 16 ], humanized IgG1 
monoclonal antibody Trastuzumab [ 35 ]), nucleic acids(siRNA [ 31 ]), and other mol-
ecules such as sugar acids (lactobionic acid) [ 17 ]. Peptides have received much 
attention as targeting ligands because of their small size, lower immunogenicity, and 
high stability. 

 As noted in the active accumulation section, iron oxide nanoparticles with 
tripeptide sequence Arg-Gly-Asp (RGD) target α v β 3  integrins, which are strongly 
expressed on the endothelium of angiogenic blood vessels in tumor angiogenesis 
[ 12 ]. A derivative of this peptide sequence,  cyclic Arg-Gly-Asp-D-Phe-Lys 
(cRGDfK)  , has higher  resistance   to proteolysis and higher affi nity to α v β 3  integ-
rins than linear peptides [ 30 ]. To ensure availability for binding to integrin recep-
tors, the distance between two RGD motifs in multimeric cRGD peptides must be 
long enough and spacers such as two tyrosine residues [ 30 ] installed between two 
cRGD motifs and tripeptide ornithine [ 12 ] have been used to facilitate binding of 
cRGD to α v β 3  integrins. These probes have demonstrated multimodal imaging of 
tumor angiogenesis. For example,  99m Tc-USPION-RGD [ 14 ] administered to 
nude mice containing H1299 tumor cells showed hyper-intense ( T  1 -weighted) 
and hypo- intense ( T  2 -weighted) MR signals that were distributed mainly in the 
tumor peripheral regions and highlighted the tumor angiogenesis vessels. 
Enhanced contrast between tumor angiogenesis and the necrotic core was also 
observed as the MR signal intensity of the tumor necrotic core remained the same 
before and after probe injection. SPECT images revealed accumulation of the 
probe in the tumor peripheral regions. Overall, the use of MRI-active probes in 
this study highlighted tumor angiogenesis and provided contrast from the necrotic 
tumor core. The use of the radionuclide  99m Tc enabled quantifi cation of the probes 
accumulated in the tumor (13.8 ± 9.6 % ID/g) as well as determination of their 
biodistribution.  
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3.5     SPECT/MRI:  Lymph Node Imaging   

 Similar to the PET/MRI examples, SPECT/MRI has employed  99m Tc-SPIONs for 
SPECT/MRI sentinel lymph node (SLN) mapping in vivo. SPIONs were radiola-
beled with high effi ciency (99 %) and showed high accumulation in the lymph nodes 
[ 23 ]. In a subsequent study, a trimodal probe was developed to add an optical compo-
nent as an intraoperative feature. As shown in Fig.  9 , detection of SLN was shown for 
all three modalities: SPECT, MRI, and optical. The  99m Tc-AF-SPIONs probe targeted 
SLN in rat models and was shown to be stable in human serum for up to 24 h, and 
 have   high accumulation in SLN [ 27 ]. Major accumulation of the probe was visualized 

  Fig. 9    ( a ) Representative coronal MR images of a Wistar rat injected subcutaneously with  99m Tc- AF- 
SPIONs in the right hind paw. Accumulation of the  99m Tc-AF-SPIONs in the SLN can be clearly visual-
ized using GRE sequences. ( b ) SPECT/CT image of the same animal. SPECT is less affected by 
attenuation compared with optical imaging, and therefore is an invaluable tool to quantify and study the 
biodistribution of a newly developed agent. ( c ) Optical fl uorescence image visualizing the SLN. ( d ) 
Intraoperative identifi cation of the SLN using  99m Tc-AF-SPIONs. Similar to the clinical procedure using 
blue dye,  99m Tc-AF-SPIONs stain the SLN green, which makes it easy to be identifi ed during surgery. ( e ) 
Reference node from the collateral side of the animal. ( f ) Resected SLN. Figure adapted from Ref. [ 27 ]       
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in the injection side (right hind paw) and right inguinal lymph node, while smaller 
amounts were also detected in the renal lymph node and left inguinal lymph node. 
This work demonstrated how whole-body, SPECT imaging sensitively delineates the 
biodistribution of the probe. Although multiple modalities were used here, MRI was 
not used to advantage over SPECT/CT in this example. The optical component (Alexa 
Fluor 647), however, added value to the probe. It played an intraoperative role by 
staining the SLN green, providing real-time, visual guidance during surgery.

3.6        SPECT/MRI: Other Applications 

3.6.1      Atherosclerosis      

 An Annexin V-modifi ed, hybrid, SPECT/MRI, nanoparticle probe was developed to 
target apoptosis of macrophages in vulnerable plaques [ 15 ]. The  99m Tc-DTPA- USPIO-
Annexin V probe accumulated in plaques in the thoracic and abdominal aorta provid-
ing negative contrast in MRI. SPECT signals facilitated recognition and quantifi cation 
of the region of interest, while  T  2 -weighted MRI improved the localization and volu-
metry of plaques. The existence of macrophages in aortic lesions was confi rmed by 
CD-68 staining and further verifi ed as apoptotic cells through TUNEL staining. Severe 
lesions with higher ratios of CD-68 and TUNEL stained cells correlated with regions 
that had more intense radioactive signals. Lipid-related Oil Red O staining also repro-
duced the SPECT/MR images, proving the specifi city of  99m Tc-DTPA-USPIO-Annexin 
V as a targeted probe for vulnerable plaques that contain apoptotic macrophages.  

3.6.2      Cell Tracking      

 Stem cell therapy has brought hope for the treatment of central nervous system and 
other diseases, and there is much effort toward methods to track stem cells after 
delivery. For example,  125 I-labeled fl uorescent silica coated SPIOs ( 125 I-fSiO 4 @
SPIOs) were designed to track  mesenchymal stem cells (MSCs)   transplanted intra-
cerebrally or intravenously in a rat stroke model. With low radioactivity of 20 μCi/
million cells and 0.1 mM of probe concentration, MSC viability, differentiation, and 
proliferation were not affected after labeling in vitro. This concentration was thus 
implemented for in vivo imaging. SPECT and MR images demonstrated that 35 % 
of intracerebrally-injected MSCs migrated along the corpus callosum to the lesion 
area as shown in Fig.  10 , while 90 % of intravenously injected MSCs remained 
trapped in the lung at 14 days. In spite of the apparent lower effi ciency of IV injec-
tion, signifi cantly improved neurobehavioral outcomes, such as increased levels of 
vascular endothelial growth factor, insulin growth factor, and tissue inhibitor of 
matrix metalloproteinase-3, were observed by both administration routes. 
 125 I-fSiO 4 @SPIOs were stable for long-term tracking and appear promising for 
brain ischemia treatment. In these studies, MRI signal was still detected even after 
14 days, and the anatomic information provided by MRI is critical to localizing 
where the traffi cking of the cells in brain tissue. The radionuclear signal provides a 
beacon for where to focus more detailed study of the MR images.
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4          Conclusions 

 Multimodality imaging is a promising method to achieve high-sensitivity and high- 
resolution imaging of targets deep in the body. We have shown in this chapter that 
nanoparticles are valuable platforms to build PET/MRI or SPECT/MRI multimodal 
imaging probes and have great potential to be translated into clinical applications. 
The PET or SPECT component offers high-sensitive signals for screening, while 
MRI can obtain high-resolution images with detailed anatomical and/or molecular 
information from regions of interest. In addition, PET and SPECT tracers can pro-
vide accurate quantifi cation of the local probe concentration. Currently, PET/MRI 
and SPECT/MRI probes have been effectively used for a variety of preclinical appli-
cations such as tumor detection, lymph node labeling, atherosclerotic plaque 

  Fig. 10    MRI and SPECT/CT tracking of  125 I-fSiO4@SPIO-labeled MSCs in stroked rats after IC 
injection. ( a )  T  2 -weighted MR images of ischemic rat brain before (a,f,k) and after IC injection of 
 125 I-fSiO4@SPIO particles, unlabeled MSCs, or  125 I-fSiO4@SPIO-labeled MSCs at day 1 (b,g,l), 
day 3 (c,h,m), day 7 (d,i,n), and day 14 (e,j,o). Arrows indicated hypointense signals from 
 125 I-fSiO4@SPIO particles and  125 I-fSiO4@ SPIO-labeled MSCs after IC injection. ( b ) SPECT/CT 
tracking of  125 I-fSiO4@SPIO-labeled MSCs in ischemic rat brains after IC injection. Figure 
adapted from Ref. [ 29 ]       
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imaging, and stem cell tracking. However, many nanoparticle-based probes reported 
to date are nonspecifi c and designed for passive accumulation rather than active tar-
geting. Further development of multimodal imaging probes requires close collabora-
tion between scientists and clinicians to truly harness the advantage of the multimodal 
species for a disease target that can benefi t from the complementary information 
afforded by hybrid imaging. It is only through demonstration of improved diagnostic 
or therapeutic potential that multimodal imaging can achieve wide adoption.     
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      Nanoparticles for PET Imaging of Tumors 
and Cancer Metastasis                     

     Marie-Caline     Z.     Abadjian    ,     Jaeyeon     Choi    , and     Carolyn     J.     Anderson     

1           Overview of PET Radionuclides and Chelation Chemistry 

 Positron Emission Tomography ( PET)      is a nuclear imaging modality that provides 
biochemical information with exquisite sensitivity for monitoring a variety of 
molecular processes using nM to pM concentration of radiotracers. PET imaging 
occurs after the administration of molecules labeled with  radionuclides   (typically 
called  PET tracers   or radiopharmaceuticals). The mass of PET tracer that is injected 
into the subject is extremely small (at the level of nmol to pmol), and causes mini-
mal pharmacological effect. In this regard, PET enables the imaging and monitoring 
of disease in a noninvasive manner. PET has become a widely used diagnostic 
imaging tool by clinicians throughout the world. Although thousands of PET tracers 
have been developed for potential use in a clinical imaging setting, at present, only 
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a handful (including [ 18 F]-labeled 2-fl uorodeoxyglucose (FDG) and three 
 Alzheimer’s disease agents  ) are approved for routine clinical evaluation. Small ani-
mal PET systems for rodent imaging with 1–2 mm resolution are used to evaluate 
PET tracers in mouse and rat models to evaluate their suitability for humans. 

1.1        Positron-Emitting Radionuclides 

 Traditional positron-emitting  radionuclides   include short-lived isotopes such as 
fl uorine-18 ( 18 F;  T  1/2  = 110 min), carbon-11 ( 11 C;  T  1/2  = 20 min), nitrogen-13 ( 13 N; 
 T  1/2  = 10 min), and oxygen-15 ( 15 O;  T  1/2  = 2 min). Nontraditional positron-emitting 
 radionuclides  , particularly those of the transition metals, have gained considerable 
interest for imaging with PET because of increased production and availability 
(Table  1 ). For example,  radionuclides   of copper ( 64 Cu;  T  1/2  = 12.7 h) and zirconium 
( 89 Zr;  T  1/2  = 78.4 h) allow radiolabeling of agents that clear the blood  circulation   
more slowly [ 1 ].

1.2         Chelation Chemistry   

 The most commonly used chelators for complexing  64 Cu to nanoparticles are 
tetraazamacrocyclic ligands with pendant arms. The chelators DOTA (1,4,7,10- t
etraazacyclododecane- 1,4,7,10-tetraacetic acid), NOTA (1,4,7-triazacyclonon-
ane-1,4,7-triacetic acid), and  TETA (1,4,8,11-tetraazacyclotetradecane-1,4,8,11-
tetraacetic acid)   have been the most widely used in  64 Cu-labeled nanoparticles, 
with DOTA being the most popular (Fig.  1 ). Anderson and colleagues have 
shown that cross- bridged macrocycles form more kinetically stable  64 Cu(II) 
complexes in vivo [ 2 ]; however, it has been demonstrated that there are only 

   Table 1    Decay characteristics of PET  radionuclides      for radiolabeling nanoparticles   

 Isotope   T  1/2   β −  MeV (%)  β +  MeV (%)  EC (%)  γ MeV (%) 

  18 F  110 min  –  0.634 (97 %)  3 %  0.511 (194 %) 
 1.66 (3.1 %) 

  64 Cu  12.7 h  0.573 (38.4 %)  0.655 (17.8 %)  43.8 %  0.511 (35.6 %) 
 1.35 (0.6 %) 

  68 Ga  68 min  –  1.90 (87.7 %) 
 0.82 (1.2 %) 

 11 %  0.511 (178 %) 

  89 Zr  78.4 h  –  0.902 (22.8 %)  77.2 %  0.511 (45.6 %) 
 0.909 (99 %) 

  124 I  100.2 h  –  1.54 (11.7 %) 
 2.14 (10.8 %) 

 77 %  0.511 (45 %) 
 0.603 (63 %) 
 1.69 (10.9 %) 
 0.723 (10.4 %) 
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minimal differences in mouse biodistribution between DOTA and CB-TE2A 
conjugates of micellular nanoparticles [ 3 ]. Although the development of stable 
chelators for  89 Zr is an active area of research [ 4 ,  5 ], thus far, the chelator defer-
rioxamine (DFO) is the chelator of choice for attaching  89 Zr to nanoparticles. 
Examples of the nanoparticles labeled with radiometal chelates will be provided 
in the forthcoming sections.

2         Silica-Based Nanoparticle  PET Tracers   

 Silica-based nanoparticles that have been employed in PET imaging are typically 
modifi ed forms of mesoporous silica or coated dense silica nanoparticles (dSiO 2 ). 
Since the late 1990s,  mesoporous silica nanoparticles (MSNs)   have been studied 
extensively for a variety of applications due to their biocompatibility, large surface 
areas and ease of surface modifi cation [ 6 – 9 ]. Various groups have coupled targeting 
moieties, drugs, and imaging agents to MSNs to investigate them as effi ciency 
delivery vectors to tumors (Fig.  2 ) [ 10 ,  11 ].

   MSNs also experience the EPR effect when their diameter is 100–130 nm mak-
ing them suitable for imaging tumors [ 12 ]. For example, aza-dibenzocyclooctyne 
(DBCO) PEGylated MSNs have been coupled via a biorthogonal in vivo click reac-
tion to  18 F-labeled azides to give  18 F-DBCO-PEG-MSNs (~150 nm) (Fig.  2c ) [ 13 , 
 14 ]. This study investigated these PET agents in female nude mice bearing subcuta-
neously (s.c.) U87MG tumors (Fig.  3 ). The DBCO-PEG-MSNs were injected in 
mice 24 h before the  18 F-labeled azide, allowing the MSNs to accumulate in the 
tumors prior to giving the  18 F-azide, which would allow localization of  18 F to the 
tumor, and clearance of all unreacted  18 F- azide  .
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  Fig. 1    Chelators that have been employed for complexing radiometals to nanoparticles       
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  Fig. 2     Silica-based nanoparticles PET tracers     : ( a ) representation of MSNs functionalized with 
APTMS, coupled with DFO-NCS and radiolabeled with radionuclide  89 Zr [ 15 ]; ( b )  18 F-labeled 
peptide radiotracers [ 14 ]; ( c )  64 Cu-MSN-800CW TRC105(Fab) [ 16 ]; ( d )  64 Cu-NOTA-HMSN- 
fl uorecein-PEG-cRGDyK nanoconjugate for drug delivery studies [ 18 ]; ( e )  68 Ga was labeled with 
the MF-uMUC-1 [ 17 ]       

  Fig. 3    Pretargeting PET imaging  study by bioorthogonal covalent    18 F-labeling. ( a ) The procedure 
for the in situ synthesis of  18 F -DBCOT-PEG- MSNs in a living specimen by a bioorthogonal 
SPAAC reaction for the DBCO-PEG-MSN-pretargeting PET-imaging study. Three-dimensional 
reconstruction ( upper ) and transverse section ( lower ) combined PET-CT images of  18 F-labeled 
azide ([ 18 F]2 ; 2.6 MBq) in a U87 MG tumor-bearing mouse given only [ 18 F]2 alone (non- 
pretargeted ; ( b ) or a mouse given DBCO-PEG-MSNs 24 h earlier (pretargeted ;  c ) recorded at 15, 
30, 60, and 120 min after injection of [ 18 F]2.  T  tumor,  K  kidneys [ 13 ]       
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   PET images of the clicked MSNs in tumor were observed 2 h postinjection (p.i.) 
of the azide. Another group designed a new  89 Zr desferrioxamine (DFO) MSNs 
(~180 nm) to image SCID mice with s.c. prostate carcinoma cell lines (LNCaP and 
C4-2) fi nding minimal dissociation of  89 Zr 4+  and typical biodistribution compared to 
other PET MSNs (Fig.  2a ) [ 15 ]. 

 MSNs can accommodate various surface modifi cations making them multimo-
dality imaging agents not only for PET, but also near infrared fl uorescence (NIRF) 
imaging and MRI. The surface of these nanoparticles can also be coupled to 
 targeting agents. PET/ NIRF MSNs were developed with vasculature targeting 
capability to image 4 T1 murine breast cancer tumors in mice (Fig.  2d ) [ 16 ]. Surface 
coupling of a human/murine chimeric IgG1 monoclonal antibody (TRC105(Fab)), 
NIR dye (800CW), and  64 Cu-NOTA labeling resulted in MSNs (175.3 ± 9.7 nm) 
imaging tumors with 5.4 ± 0.2 % ID/g at 4 h p.i.. Another example of multimodality 
silica NPs was comprised of PET, NIRF, MRI agents and a targeting moiety that 
successfully imaged BT-20 cells in a nude mouse model (Fig.  2f ) [ 17 ]. The silica-
based nanoparticles (81 nm) have a cobalt ferrite core with rhodamine B in the silica 
shell and surface coupled underglycosylated mucin-1 antigen (uMUC-1 aptamer), 
along with NOTA for Ga-68 labeling. 

 Targeting of tumors has also been shown in  hollow mesoporous silica nanopar-
ticles (HMSNs)   in U87MG tumor-bearing female athymic nude mice (Fig.  2e ) [ 18 ]. 
Dense silica nanoparticles coated with MSNs have surface coupled cyclic arginine- 
glycine- aspartic acid (cRGDyK) peptide,  64 Cu-NOTA as well as anticancer drug 
(Sunitinib) loaded in the core. PET images showed relatively high uptake (7.2 ± 0.6 % 
ID/g) at 0.5 h postinjection.  

3     Gold Nanoparticle (AuNP) PET  Tracers      

 Gold nanoparticles (AuNPs) are a promising platform for biomedical applications 
and have rapidly advanced toward multifunctional particles for imaging and treat-
ment of cancer. AuNPs have been at the forefront of cancer research in recent years 
owing to the high biocompatibility via functionalization, their low toxicity of the 
gold core, and availability in a range of sizes and shapes [ 19 ,  20 ]. 

 The readers are referred to a highly comprehensive review by Daniel and Astruc 
for information on the structure and properties of AuNPs [ 21 ].  Surface plasmon 
resonance (SPR)  , a unique plasmatic absorption band phenomenon of AuNPs, can 
be converted to strong infrared spectral ranges, thereby allowing vital optical imag-
ing in tissues where light exhibits minimal absorption and deep penetration in tis-
sue. These specialized properties have also been used for photothermal therapy, 
which is a noninvasive, accurately targeted hyperthermia cancer treatment based on 
the optical absorbance of AuNPs in the intrinsic near-infrared (NIR) (650–900 nm) 
[ 22 ]. AuNPs also provide attractive scaffolds for many biomedical imaging modali-
ties, including  surface-enhanced Raman scattering (SERS)  ,  two-photon photolumi-
nescence (TPL)  ,  magnetic resonance imaging (MRI)  ,  positron emission tomography 
(PET)  , and  X-ray computer tomography (CT) imaging   [ 23 ,  24 ]. 
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3.1     Types of  AuNPs      

 Typically, the dual imaging AuNPs are synthesized from commercial HAu 3 Cl 4  by the 
reduction of Au 3+  ions to metallic Au atoms (Au 0 ) using citrate ions as a reducing and 
capping agent. There are different types of gold nanoparticles in the size range of 
9–120 nm that have been developed with various shape, size, and physical properties 
(Fig.  4 ) [ 25 ].

     Gold nanosheres  (gold colloids)   in the size range of 2–100 nm can be produced 
by chemical reduction of gold chloride, with the properties controlled by citrate/
gold ratio. The absorption spectra of gold nanospheres (visible range of 510–
550 nm) are  related      to the size distribution [ 26 – 28 ]. 

   Gold nanorods       are synthesized by a special template method based on the elec-
trochemical deposition of gold within the cylindrical pores of rigid matrices, such 
as nanoporous polycarbonate or alumina template membranes. Gold nanorods have 
absorption and scattering peaks that can be converted to the visible and near IR 
spectra, generating heat when excited by IR light. The characteristic has been 
widely applied to selectively destroy cancer cells [ 29 ]. 

   Nanoshells      , silica coated nanoparticles with a thin fi lm of gold, have been used 
for an optical imaging with SPR in the visible to the NIR region [ 30 ,  31 ]. 

   Gold nanocages       are synthesized by reacting silver nanoparticles with chloroauric 
acid in aqueous conditions, and range in size from 10 to 150 nm. As the optical reso-
nance peaks shift to near-infrared light, the strong absorption of gold nanocages enhances 
the contrast and photothermal effect for cancer diagnostic and therapy [ 32 ,  33 ].  

  Fig. 4    SEM image of a monolayer portion showing self-assembled silica/gold nanoshells on a 
silane functionalized quartz substrate [ 25 ]       
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3.2      Radiolabeling Chemistry   of AuNPs 

 The surface of AuNPs can be modifi ed with ligands, surfactants, polymers, and 
dendrimers. Upon functionalizing with thiol groups that strongly bind with gold, 
AuNPs can be readily conjugated to chelators or targeting molecules [ 34 ], enabling 
the conjugation of biofunctional chelates such as 1,4,7-triazacyclononane-1,4,7
- triacetic acid (NOTA) or 1,4,7,10-tetraazacyclodedecane-1,4,7,10-tetraacetic acid 
(DOTA) via a thiol-maleimide coupling chemistry. Bifunctional chelators play an 
important role in conjugation of metal  radionuclides   on the AuNPs surface. For 
example, Gd 3+  is attached on a chelate on the AuNPs surface for MRI imaging, 
whereas for PET imaging,  radionuclides   such as  64 Cu,  68 Ga, and  89 Zr are generally 
used for PET/MR tracers. Targeting molecules added to the surface of  AuNPs   can 
render them tumor-specifi c for targeting via receptors expressed exclusively on tar-
get cancer cells, improving tumor localization over the nonspecifi c  enhanced per-
meability and retention effect (EPR)   [ 35 ]. 

  64 Cu-labeled RGD peptide-gold nanoshells ( 64 Cu-NS-RGDfK) were developed 
for targeting integrin  α  v  β  3  on tumor cells. The NSs were conjugated with RGDfK 
and DOTA through bifunctional PEG, and the surface modifi ed size was ∼170 nm. 
PET/CT imaging of two rats bearing head and neck xenografts showed high tumor 
uptake beginning at 4 h postinjection and reaching a maximum at 20 h, with a 
decrease in tumor accumulation until 44 h postinjection [ 36 ]. 

  Nonchelator conjugated   [ 64 Cu]CuS AuNPs (11 nm) was developed for a tumor 
theranostic probe both for PET imaging and as photothermal ablation agents using 
a passive targeting strategy in a breast cancer mouse model. At 24 h, biodistribu-
tion in mice bearing subcutaneous U87 glioma xenografts showed that the PEG-
[ 64 Cu]CuS NPs reduced liver/spleen uptake and enhanced tumor uptake ratio 
(7.6 ± 1.4 %ID/g) [ 37 ]. 

 Other chelate-free  64 Cu-labeled alloyed AuNPs (27 nm hydrodynamic (HD) size) 
were developed for  cancer imaging  . In these AuNPs,  64 Cu is directly incorporated into 
the lattice of the gold nanoparticle structure, maintaining high stability in vivo. The 
PET/CT image using EMT-6 tumor-bearing mouse showed 4.93 ± 0.32 % ID/g of 
tumor uptake ratio at 1 h of postinjection, increasing at 48 h pi to 16.8 ± 0.98 %ID/g, 
with a tumor/muscle ratio of 16.2 ± 1.07 [ 38 ]. However, there was very high liver and 
spleen uptake of these particles at 48 h postinjection (~45 % ID/g liver and ~200 %ID/g 
spleen), (Fig.  5 ). The surface of these  64 CuAuNCs was then PEGylated with different-
sized PEG chains ( 64 Cu-labeled AuNCs-PEG350, HD size of 4.3 nm vs. 
AuNCPEG1000, HD size of 6.9 nm) [ 39 ]. Biodistribution in PC3 tumor-bearing mice 
showed that both particles had dramatically decreased spleen uptake at 48 h (5 % ID/g 
or less), and the liver uptake was also <20 % ID/g. There was also signifi cantly lower 
tumor uptake (3–5 % ID/g) for both sized AuNCs, with tumor:muscle ratios ~2.5 [ 38 ].

    64 Cu-labeled  hollow gold nanospheres (HAuNS)   showed differential tumor 
uptake after hepatic intra-arterial (IA) and intravenous (IV) injection in VX2 liver 
tumor-bearing rabbits. RGD-PEG-HAuNS had an average diameter of ~40 nm. 
A DOTA analog chelator was attached to RGD-PEG-HAuNS for radiolabeling 
with Cu-64. PEG-HAuNS with lipiodol (IA-PEG-HAuNS-lipiodol) after hepatic 
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intra- arterial injection had the highest tumor uptake (0.3319 ± 0.0711 ID%/g) 
compared to that of other  64 Cu-labeled PEG-HAuNS and  64 Cu radiolabeled RGD 
peptide- HAuNS after IA and IV injection, respectively. The result showed that 
adding iodized oil to PEG-HAuNS group can increase delivery of nanoparticles 
to hepatic tumors [ 40 ]. 

 An RGD peptide was coupled with Gd-chelate coated gold nanoparticle (Au@
DTDTPA-RGD) and labeled with  68 Ga for a dual PET/MRI imaging modality tar-
geting integrin  α  v  β  3  receptor-positive U87MG cancer cells. Biodistribution studies 
showed that the tumor to muscle ratio increased from 1 to 2 h postinjection 
(3.71 ± 0.22 and 4.69 ± 0.09 respectively) [ 41 ]. 

  89 Zr-labeled anti-CD105 was coupled with gold nanoparticles ( 89 Zr-anti-CD105- 
AuNPs-PPAA), having a mean diameter of 102.6 ± 4.0 nm. Two groups of B16 mel-
anoma-bearing mice were injected with  89 Zr-Df-Bz-NCS-anti-CD105 antibody or 
with  89 Zr-anti-CD105-AuNPs-PPAA, respectively. The similar PET imaging pattern 
was observed, but  89 Zr-anti-CD105-AuNPs-PPAA had higher uptake in liver, spleen, 
and lung compared to that of  89 Zr-Df-Bz-NCS-anti-CD105 antibody due to its large 
size of the nanoparticle. The biodistribution study between   89 Zr-anti- CD105-
AuNPs-PPAA and  89 Zr-Df-Bz-NCS-anti-CD105 showed that no signifi cant differ-
ences in tumor:background ratios were observed [ 42 ].   
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  Fig. 5    PET/CT images at 1, 4, 24 h postinjection of  64 Cu-AuNCs-PEG350 ( a ) and  64 Cu-AuNCs- 
PEG1000 ( b ) in PC3 prostate-tumor-bearing mice. Quantitative tumor uptake ( c ) and tumor:muscle 
ratios ( d ) of the two agents ( 38 )       
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4     Ultrasmall Nanoparticle  PET Tracers      

 Ultrasmall nanoparticles are defi ned by their size (less than 10 nm), falling within 
the renal glomerular fi ltration size cutoff (~10 nm) [ 43 – 46 ]. Nanoparticles that fall 
between 10 and 200 nm are known to accumulate in the reticuloendothelial system 
(RES), which includes the liver, lymph nodes, bone marrow, and spleen, leading to 
longer retention in the body that could cause long-term adverse effects [ 47 – 50 ]. 
Small nanoparticles (~10–100 nm) and ultrasmall nanoparticles have unique prop-
erties, sparking interest in targeted therapies using PET imaging. Small and 
ultrasmall nanoparticles have provided biocompatible vectors compact enough to 
study metabolic pathways and therapies (Fig.  6 ). Some small nanoparticles mimic 
lipoprotein structures to sustain longer circulation as an alternative to PEGylation. 
A porphylipoprotein (PLP) nanoplatform (20.6 ± 5.2 nm) has been developed for 
fl uorescence imaging and photodynamic light therapy of glioblastoma multiforme 
(Fig.  6a ) [ 51 ]. PET imaging using 64Cu-labeled versions of PLP and PEGylated PLP 
in SKOV3 orthotopic ovarian cancer model showed similar uptake in tumors, but 
striking differences in spleen uptake, 3.4 ± 0.2 % ID/g versus 19.8 ± 1.6 % ID/g, 
respectively. Other compositions of similar sized nanoparticles like ultrasmall 
superparamagnetic iron oxide nanoparticles (USPIOs) have also been studied for 
their biocompatibility and cellular uptake effi  ciency (Fig.  6b ) [ 52 ]. USPIOs were 
coated with octylamine-modifi ed polyacrylic acid (OPA) (10 ± 2 nm) and conju-
gated with a 64Cu chelator (DMPTACN) for PET imaging of mice bearing tumors of 
various human cell lines (epidermoid carcinoma A431, squamous cell carcinoma 
FaDu, ductal carcinoma MDA-MB 435S, umbilical vein endothelial HUVEC), 
fi nding generally low toxicity.  

  Fig. 6    Ultrasmall nanoparticles: ( a ) PLP structure [ 51 ]; ( b ) USPIO@OPA [ 52 ]; ( c ) [64Cu]CuS ND 
[ 53 ]; ( d ) C dots [ 54 ]; ( e ) [64Cu]CuNC@BSALHRH [ 56 ,  57 ]; ( f ) AGuIX nanoparticles [58]       
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 Nanodots also fall into the category of ultrasmall nanoparticles and have shown 
interesting applications as photothermal agents and in tumor imaging. Copper-64 
labeled copper sulfi  de nanodots ([64Cu]CuS NDs) coated with polyvinylpyrrol-
idone (~5.6 nm) were found to have tumor uptake in 4 T1 tumors in Balb/c mice 
(3.62 ± 0.50 % ID/g, 2 h p.i.) and fast renal clearance (Fig.  6c ) [ 39 ,  53 ]. Cornell dots 
(C dots) are ultrasmall inorganic optical-PET imaging nanoparticles probes. The 
silica-based core contains encapsulated Cy5 fl uorophore and the surface is PEG-
coated with conjugated 124 I-labeled cyclic arginine-glycine-aspartic acid (cRGD, 
for αvβ3 integrin targeting) (Fig.   6d ) [ 54 ]. The C dots were found to have high 
receptor-binding specifi city, and biodistribution and targeting kinetics data, clear-
ance and dehalogenation profi les, blood/tissue residence times, and bioavailability 
and radiation dosimetry were reported (Fig.  7 ). This ultrasmall nanoparticle has 
received FDA-approval for a fi rst-in-human clinical trial and found to be safe in 
human (fi ve patients) as a diagnostic for metastatic melanoma [ 55 ]. The preliminary 
trial found that the agent was well tolerated, cleared quickly from the body through 
the kidneys, and the 124 I-label was stable in vivo. Two patients showed tumor 
uptake in a pituitary and a liver lesion. To date, this is one of the few nanoparticle-
based PET tracers to be evaluated in human cancer patients. Some ultrasmall 
nanoparticles are small enough to be considered clusters or matrices. One group has 
made chelator-free labeled [64Cu]Cu nanoclusters coated with bovine serum albu-
min (BSA) for PET imaging for tumors (Fig.  6e ) [ 56 ,  57 ]. These nanoclusters have 
been conjugated with a tumor target peptide, lutenizing hormone releasing hormone 
(LHRH), giving [64Cu]Cu NC @BSA-LHRH (3.8 ± 0.5 nm) that were studied in 
mice bearing orthotopic A549 lung tumors (Fig.  8 ). The targeted nanoclusters were 
found to have much higher tumor uptake 12 % ID/g than nontargeted 3 % ID/g at 4 h 
p.i. Other interesting ultrasmall nanoparticles were made from a polysiloxane 
matrix coated with chelators for PET/MR dual imaging [58]. These ultrasmall 
nanoparticles (AGuIX) are only 2.5 ± 0.1 nm in diameter (Fig.  6f ). They have been 
well-characterized and have shown no toxicity in U87MG (human primary glioblas-
toma) and HEKβ3 (human embyonic kidney) cell lines.

  Fig. 7     (a ) Cornell dots (C dots) conjugated with  124 I-labeled cRGDY have been investigated in 
humans with cancer for safety, biodistribution, and dosimetry; ( b ) PET image in patient #3 show-
ing activity in bladder, heart, and bowel [ 55 ]       
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   PET/CT imaging using  68 Ga-labeled AGuIX was found to have rapid clearance 
and coherence with MR images. The development of ultrasmall nanoparticles is 
becoming a new  avenue      for targeted imaging and therapy.

5         Radiolabeled Iron Oxide Nanoparticles (IONPs)   

 Iron oxide particles have been widely studied as an excellent MRI contrast agent in 
clinical trials due to its ideal paramagnetic and low toxicity [ 59 ,  60 ]. MR imaging is 
optimized with functional parameters such as spin-lattice relaxation time (T1) and 
spin–spin relaxation time (T2), which are a function of the local chemical structure 
of the molecules being imaged. The core of iron oxide particles is composed of iron 
and oxygen atoms, generating mostly magnetite (Fe 3 O 4 ), magnemite, (γ-Fe 2 O 3 ), and 
hematite (α-Fe 2 O 3 ), which exhibit superparamagnetic physical properties at ambi-
ent temperature if the core diameter is relatively small (<20 nm) [ 61 – 63 ].  Iron oxide 
nanoparticles (IONPs)   have a number of advantages for multimodality (e.g., PET/
MRI) imaging: 1) they can be modifi ed on the surface for conjugation with a large 
number of targeting ligands, thus enhancing the biological specifi city and affi nity to 
targeted molecules; 2) the nanoparticles can be coupled with chelators for labeling 
with metal  radionuclides   for PET or SPECT imaging; and 3) iron oxide nanoparti-
cles can circulate in the blood vessels for a relatively long time, moving larger 
amount of  radionuclides   or other cargo to targeted organs [ 64 ].  Please see Chap.     10      
 for more detailed information on structural properties of IONPs.  

  64 Cu-DOTA-RGD-conjugated IONPs were developed for targeting tumor  α  v  β  3  
integrin. Polyaspartic acid (PASP)–coated iron oxide was coupled with RGD and 
DOTA via surface amino groups for  64 Cu-labeling. The hydrodynamic diameter is 

  Fig. 8    Representative PET images of coronal single  slices   on orthotopic A549 lung tumor-bearing 
mice after intravenous injection of 6.7 MBq of [ 64 Cu]CuNC@BSA ( a ) and [ 64 Cu]CuNC@BSA- 
LHRH ( b ). Images were acquired at 0.5, 1, 2, and 4 h. White arrows indicate the lung tumor [ 57 ]       
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45 ± 10 nm. In vivo PET studies in U87MG tumor-bearing mice showed tumor 
imaging at 1 h (7.9 ± 0.8 %ID/g), 4 h (10.1 ± 2.1 %ID/g), and 21 h (9.8 ± 3.2 %ID/g), 
respectively, after injection of  64 Cu-DOTA-iron oxide-RGD [ 65 ]. 

  89 Zr-Deferoxamine-RGD-IONP, another RGD-iron oxide, was developed target-
ing ανβ3 and ανβ5 integrins overexpressed in nascent endothelial cells during 
angiogenesis in various tumors, but not in inactive endothelial cells. The PET/CT 
and MRI imaging after intravenously injection in tumor-bearing mice showed high 
accumulation in the liver and spleen at 1 h after injection, which remained high at 
subsequent time points. After 24 h, accumulation in tumor was  observed   with per-
sistent and intense signal until 72 h, clearly delineating the tumor [ 66 ]. 

 Protein-based ligands, such as affi bodies, have been investigated as tumor target-
ing agents. An anti-EGFR affi body was conjugated to Au-Iron Oxide NPs (NOTA- 
Au- IONP-affi body) having an average size 24.4 ± 2.0 nm, and was labeled with  64 Cu. 
An in vitro study showed that NOTA-Au-IONP-Affi body probes had a higher cellular 
uptake in EGFR-positive tumor A431 cells at 1 and 2 h time points, respectively, com-
pared with blocking samples (Fig.  9 ). The small animal PET images showed high 
tumor accumulation (4.6 % ID/g at 24 h p.i.), and high tumor-to- normal tissue contrast 
for  64 Cu-NOTA-Au-IONP-affi body. The biodistribution studies also indicated that the 
nanoprobe had higher tumor uptake value compared to the blocking group [ 67 ].

6         Liposome-Based PET Agents   

 Liposomes used in PET imaging are an attractive vector for imaging tumors and 
diseased tissues, as well as drug targeting. The study of liposomes as imaging agents 
started in the late 1980s [ 68 ], although it was not until the late 1990s that liposomes 
were radiolabeled for imaging purposes [ 69 – 72 ]. Generally, liposomes are lipid 
vesicles formed from thin lipid fi lms or cakes. Upon hydration, layers of the bilayer 
sheets self-assemble into  multilamellar vesicles (MLVs)   where the hydrophilic por-
tions face the water surrounding and within the vesicles. The size of these liposomes 
can then be reduced to unilamellar vesicles by input of either sonic energy (sonica-
tion) or mechanical energy (extrusion). Liposomes are typically characterized by 
their particle size (dynamic light scattering), zeta potential (laser doppler microelec-
trophoresis), and uniform size distribution. Like all nanoparticles used in medicine, 
the size and charge of the nanoparticle play a big role in their fate in vivo. Most 
liposomes range in size from 90 to 925 nm and are either negatively charged or neu-
tral. This size range is meant to be above the renal threshold for longer circulation. 

 The success of liposomes in clinical and investigational research has led 
researchers to combine the physiological properties of  liposomes   with the quantita-
tive imaging capability of PET. The longer-lived PET  radionuclides   ( 64 Cu,  62 Cu, 
 124 I,  89 Zr) have been typically investigated with liposomes to take advantage of the 
EPR effect; however, shorter-lived  radionuclides   ( 11 C,  18 F,  15 O) have also been 
studied for PET imaging [ 73 ]. Incorporating a radionuclide for PET imaging into a 
liposome can be achieved by (1) encapsulation; (2) remote loading (after-loading); 
(3) bilayer chelation; or (4) surface chelation. 
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 A  18 F-labeled cholesteryl ether ( 18 FCE) PEGylated liposome employed bilayer 
chelation to incorporate radioactive lipophilic labels in the liposome membrane 
(Fig.  11a ) [ 74 ]. The liposome  18 FCE was found to accumulate in NCI-H727 human 
lung carcinoid tumors of tumor-bearing nude mice after 8 h (2.25 ± 0.23 %ID/g). 
Another  18 F-labeled liposome ( 18 F-TCO-liposome) incorporated the fast tetrazine 
(Tz)/ trans -cyclooctene (TCO) inverse electron demand Diels-Alder cycloaddition 
(IEDDA) and pH (low) insertion pepide (pHLIP) to speed up tumor accumulation 
(Fig.  11b ) [ 75 ]. Tumor-bearing athymic nude mice were injected with SKOV3 
ovarian cancer cells and pHLIP-Tz (Fig.  10 ). The  18 F-TCO-liposome could be 
detected as early as 30 min after injection of the liposome. After 120 min, tumors 
marked with pHLIP-Tz had higher activity (3.5 ± 1.2 %ID/g) compared to tumor 
without pHLIP-Tz (0.46 ± 0.04 %ID/g).

   For longer circulating PET imaging agents, Zr-89 is favored due to its half-life 
(78.4 h) and relatively lower fraction of gamma radiation than  124 I and  86 Y [ 76 ,  77 ]. 
Several groups have utilized the combination of the liposome’s EPR effect over 
time and  89 Zr as a PET imaging agent.  89 Zr-PEGylated-liposomes radiolabeled by 
surface chelation have shown tumor accumulation peaks at 24–48 h postinjection 

  Fig. 9     (a ) Schematic illustration of Affi body binding domain with Au-IONP and its functionaliza-
tion and conjugation with affi bodies and the NOTA chelator; ( b ) PET image of A431 tumor- 
bearing mice at 4, 24, and 48 h postinjection of  64 Cu-NOTA-Au-IONP-Affi body, with and without 
blocking; ( c ) tumor:muscle ratios with and without blocking [ 67 ]       
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(Fig.  11c ) [ 78 ,  79 ]. The PEG groups on the surface of the liposomes assist with 
longer circulation, giving the liposomes time to accumulate in/around tumors. 
Another  89 Zr-PEGylated-liposome also included a targeting agent, octreotide, on 
the surface of the liposome (OL) (Fig.  11d ) [ 80 ]. Octreotide is a peptide targeting 
human somatostatin receptor subtype 2 (SSTr2) found on tumor cells. The 
 89 Zr-Gd-OL imaging agent was found to specifi cally accumulate at the tumor site 
at 50 h postinjection.

   Other  radionuclides  , especially Cu-64, have gained attention as a viable 
radionuclide coupled to liposomes for PET imaging. Several groups have used 
Cu-64 with their liposomes to study a variety of tumor models. Remote loading 
and surface chelation are some of the more common methods for radiolabeling 
liposomes. Remote loading using 2-hydroxyquinoline has been shown to be highly 
effi cient compared to other ionophores [ 81 ]. Unassisted  radiolabeling   or remote 
loading without the use of ionophores has shown evidence of similar radiolabeling 
effi cient compared with ionophores (Fig.  11f ) [ 82 ]. Copper-64 has been remotely 
loaded into liposomes containing surface targeting SSTr2 in human neuroendo-
crine carcinoma in mouse models (Fig.  11g ) [ 83 ] and mannose-coated liposomes 
targeting macrophages in the  tumor microenvironment (TME)   [ 84 ]. Surface 
chelation and modifi cation using  64 Cu has yielded informative fi ndings in tumor 
targeting and organ uptake. DOTA and TETA macrocycle analogs have been used 
to coordinate the  radionuclides   to the liposome giving a stable radiolabeled 
liposome (Fig.  11e ) [ 85 ,  86 ].  
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  Fig. 10    Biodistribution and PET imaging of bioorthogonal  18 F-liposomes as a selective marker for 
tetrazine-labeled SKOV3 ovarian cancer xenografts. ( a ,  b ) PET imaging at 2 h postinjection in a 
mouse bearing both pHLIP-Tz-treated (SKOV3, left shoulder,  yellow arrow ) and untreated 
(SKOV3 right shoulder) tumors. Normalized tumor:muscle ratios for treated and untreated tumors 
at 2 h post-injection [ 75 ]       
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7     Additional Types of  PET Nanoparticle Agents      

7.1     Carbon Nanotubes (CNTs) 

 Carbon nanotubes are allotropes of carbon having a cylindrical structure. CNTs 
have interesting properties for use in a diverse array of materials, owing to their 
extraordinary thermal conductivity, mechanical, and electrical properties. CNTs are 
categorized as single walled (SWNT) and multiwalled (MWNT) [ 87 ]. SWNTs con-
sist of a one-atom thick layer of graphene, whereas MWNTs consist of multiple 
rolled layers of graphene. The normal organ biodistribution and pharmacokinetics 
of  86 Y-labeled SWNTs were investigated in non-tumor-bearing athymic nude mice 

  Fig. 11    Liposome-based  PET agents  : ( a ) PEGylated liposome incorporating radioactive lipo-
philic labels in the membrane [ 74 ]; ( b )  18 F-TCO-liposomes and pHLIP-Tz coupling for pretarget-
ing of acidosis [ 75 ]; ( c ) dual-labeled liposome DiIC@89Zr-SCL [ 78 ]; ( d ) OCT was conjugated to 
preformed Gd-Control LPs (CL) resulting in targeted OCT-LP (OL) [ 80 ]; ( e ) tetrac/ 64 Cu-DOTA- 
liposome ( left ) and  64 Cu-DOTA-liposome ( right ) [ 85 ]; ( f ) Mannose liposomes for remote loading 
of the  64 Cu-DOTA [ 84 ]; ( g ) Loading of  64 Cu 2+  into liposomes [ 82 ]; ( h ) PEGylated (DSPE- 
PEG2000) targeted TATE-liposome [ 83 ]       
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to determine the clearance patterns, which indicated blood clearance within 3 h and 
distribution predominantly to the kidneys, liver, spleen, and bone [ 88 ]. RGD- 
conjugated (targeting integrin  α  v  β  3 ) and nontargeted SWNTs (diameter: 1–5 nm; 
length: 100–300 nm) with varying lengths of PEG chains were labeled with Cu-64 
and investigated in U87MG human glioma tumor-bearing mice (Fig.  12 ) [ 50 ]. The 
authors showed that PEG 5400  extended the circulation time of the nanoparticles, and 
RGD peptides improved tumor uptake compared to nontargeted agents. Although 
for PET imaging studies there was no observable toxicity of the radiolabeled 
SWNTs [ 50 ], the carbon  nanotube      class of nanoparticle has fallen out of favor due 
to health and safety issues [ 56 ].

  Fig. 12    Schematic drawing of noncovalently functionalized SWNTs with PEG2000 and PEG5400 
with  64 Cu, either with or without RGD peptides for targeting integrin α 4 β 1  [ 50 ]       
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7.2        Micelle-Based Nanoparticles 

  Micelle-based nanoparticles      have hydrophilic regions that are in contact with 
the surrounding solvent, typically aqueous media, with hydrophobic regions in 
the center of the micelle that can sequester lipophilic drugs or other cargo. 
Micelles can be aggregates of small surfactant molecules (MW in the hundreds), 
or aggregates of larger amphiphilic block copolymers (MW in the thousands or 
tens of thousands). 

 Diblock co-polymer shell cross-linked nanoparticles (SCK-NPs) have been 
incorporated with DOTA (Fig.  13a ) [ 89 ] and TETA [ 90 ] chelators for labeling with 
Cu-64. In one of the fi rst studies of  64 Cu-labeled SCK-NPs (PEG 1600  spacer; ~20 nm), 
Cu-64 was labeled using the TETA chelator to nontargeted and folate-targeted 
nanoparticles, and biodistribution was determined in folate-receptor positive KB 
tumor-bearing mice [ 90 ]. Targeted and nontargeted agents cleared through the liver, 
lung, and spleen, and there was no signifi cant difference in tumor uptake. Zeng et al. 
achieved very high specifi c activity by incorporation of azide groups in the core of 
the nanoparticles, followed by reaction of  64 Cu-DOTA conjugated to the strained 
alkyne, dibenzylcyclooctyne (DBCO) under copper-free click chemistry condi-
tions. They achieved 975 Ci/μmol, amplifying the amount of  64 Cu-labeling by a 
factor of 500 compared to direct labeling of chelator-SCK-NPs [ 89 ].

   To address the question of whether incorporation of a more stable Cu(II) chelator 
positively impacts U87MG tumor uptake and nontarget tissue biodistribution of 
 64 Cu-labeled tri-block polymeric micelles (Fig.  13b ) [ 3 ], DOTA was compared to 
CB-TE2A, which forms highly stable Cu(II) complexes in vivo [ 2 ,  91 ]. The 
 64 Cu-labeled CB-TE2A micelles showed somewhat slower blood clearance leading 
to higher tumor uptake. However, the tumor:blood ratios of the DOTA vs. CB-TE2A 
micelles were not signifi cantly different. Nontarget tissue uptake of the two 
 64 Cu-labeled micelles was similar. The authors concluded that although DOTA is 
not an ideal  64 Cu-chelator for smaller molecules, it is adequate for labeling micel-
lular nanoparticles. 

  Amphiphilic graft copolymers   and associated comb nanoparticles (CNPs) 
were designed to be tunable with respect to their composition and to be  modi-
fied      with a controlled number of RGD peptide moieties (Fig.  13c ) [ 92 ]. The 
20–23 nm CNPs consisted of four building blocks: a) PEG units; b) a hydropho-
bic methyl mathacrylate backbone; c) DOTA chelator for Cu-64 labeling; and d) 
GRGDS linear integrin  α  v  β  3  targeting peptides. The 20 % RGD CNPs demon-
strated highest affinity for integrin  α  v  β  3  in an in vitro assay, and the  64 Cu-labeled 
20 % RGD CNPs showed the highest cell associated activity in cultured U87MG 
cells. A similar strategy was used to produce DOTA-CNPs modified with  C-type 
natriuretic factor binding peptide (CANF)  , which binds to the cell surface  natri-
uretic peptide clearance receptor (NPRC)   [ 93 ]. The authors investigated imaging 
of prostate cancer in human CWR 22 tumor-bearing mice with  64 Cu-DOTA-
CANF-CNPs, and found specifi c uptake in the tumor; however, histologically, it 
was shown that staining for NPRC is found in pools of infl ammatory cells in the 
tumor, and not in the tumor itself. Targeting NPRC through the CANF-CNPs 
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may provide an interesting means of imaging and therapy of infl ammatory cell 
types, although the specifi c cells targeted were not enumerated. 

 An amphiphilic diblock copolymer micelle was designed to incorporate Zr-89 
and Fe(III) for PET and T 1 -weighted MRI, through chelation of the two metals 
with  deferoxamine (DFO)   (Fig.  13d ) [ 94 ]. The micelles were formed by self-
assembly of a mixture of polybutadiene-b-polyethyleneoxide (PBD-b-PEO) and 
polybutadiene- b- polyacrylicacid (PBD-b-PAA) polymers, with the acetic acid 
residues functionalized with  89 Zr-DFO for PET and Fe-DFO for MRI. The dual 
PET/MRI-capable nontargeted particles were investigated in LS174R human 
colorectal tumor-bearing mice. Biodistribution based on gamma counting of Zr-89 
showed high liver and spleen uptake (30–40 % ID/g), with tumor uptake being 
modest (4–6 % ID/g). Contrast of the subcutaneous tumors was observed with both 
imaging modalities, however. 

 Fluorine-18 has been labeled to an amphiphilic polydepsipeptide 
(“ Lactosome  ”) composed of poly(L-lactic acid)- block -poly(sarcosine) (Fig.  13e ) 
[ 95 ], and was investigated for biodistribution and PET imaging in Hela-tumor-
bearing mice. Due to the short half-life of F-18 ( T  1/2  = 110 min), the time limit for 
imaging was 6 h, and the blood activity remained  high      (25 % ID/g) with low 
tumor uptake (<5 % ID/g).  

  Fig. 13     Micelle-based nanoparticles for PET imaging     . ( a ) strategy for metal-free click chemistry 
to label SCK-NPs with Cu-64, resulting in exceptionally high specifi c activity [ 89 ]; ( b ) tri-block 
polymeric micelles that are conjugated with the chelators DOTA or CB-TE2A for Cu-64 labeling 
[ 3 ]; ( c ) amphiphilic graft copolymers and associated comb nanoparticles (CNPs) that are tunable 
for adding the DOTA chelator and targeting peptides GRGDS or the CANF peptide [ 92 ,  93 ]; ( d ) 
amphiphilic diblock copolymer micelle that contains Fe-DFO for MRI and  89 Zr for PET [ 94 ]; ( e ) 
 18 F-labeled amphiphilic depsipeptide ( Lactosome  ) composed of poly(L-lactic acid)- block - 
poly(sarcosine) [ 95 ]       
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7.3     Nanogels 

 Almutairi and  colleagues      developed chelator crosslinking hydrogel nanoparticles 
(nanogels) that have applications for MRI and PET imaging. The initial nanogels 
were polyacrylamide (PAA)-based and incorporated acyclic (DTPA) and cyclic 
(DOTA) chelators for Gd 3+  [ 96 ]. The DOTA macrocycle was  C -substituted to allow 
coordination of all carboxylate moieties to the Gd 3+ . These nontargeted PAA nano-
gels were then modifi ed by incorporating NOTA chelators for labeling with Cu-64 
for PET imaging, with comparison to the  64 Cu-DOTA-nanogels (Fig.  14a ) [ 97 ]. In 
4T1 mouse mammary tumor-bearing mice, the  64 Cu-NOTA-nanogels showed sur-
prisingly low liver and spleen accumulation compared to the DOTA agent (~5–15 % 
vs. 15–20 % ID/g) with tumor:liver ratios >1 (Fig.  14b ). Tumor uptake for the 
NOTA-nanogels increased to >15 % ID/g in subcutaneous 4T1 tumors at 48 h 
postinjection, and as high as 30 % ID/g in small tumor metastases, which is also 
much higher than reported for other  64 Cu-labeled nanoparticles in various tumor 
models [ 39 ,  93 ,  98 ,  99 ].

7.4        Porphysomes 

  64 Cu-porphysomes are self- assembled      from a single porphyrin-lipid building block, 
and similar to the chelator-cross-linked nanogels by the Almutairi lab [ 97 ], they do 
not require conjugation of chelators to the nanoparticle itself (Fig.  15 ) [ 100 ]. 
Another advantage of the porphysome platform is that it is intrinsically fl uorescent, 
allowing for optical imaging in the same study as PET imaging. The uptake of 
 64 Cu-porphysomes in orthotopic prostate tumors (PC3 and 22RV1) was relatively 
low (5–7 % ID/g) at 24 h postinjection, while liver was 15–20 % ID/g and spleen 
uptake was >100 % ID/g. Encouragingly, small prostate tumor bone metastases in 
the lower extremities were readily imaged with  64 Cu- porphysomes     .

7.5        Zinc Oxide Nanoparticles 

  Zinc oxide nanoparticles (ZONs)      have many applications and have been used as 
sensors, in electronics, cosmetics, food additives, and the medical industry [ 101 , 
 102 ] and are attractive due to their low toxicity and biodegradability [ 103 ]. ZONs of 
varying sizes (20 and 100 nm) have been labeled with F-18 by click chemistry to 
trace their biodistribution after oral administration [ 104 ]. Based on the lack of bone 
uptake, it was surmised there was minimal defl uorination, with the majority of 
 18 F-activity observed in the gut. 

 Hong et al. investigated  64 Cu-labeled ZONs (~80–100 nm) that were either 
nontargeted or conjugated to the TRC105 antibody against CD105, which is found 
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  Fig. 14     (a ) Schematic of  64 Cu-labeled DOTA and NOTA chelator cross-linked nanogels. ( b ) 
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20–30 % ID/g at 48 h postinjection [ 97 ]       

  Fig. 15    Schematic diagram showing PET and fl uorescence imaging properties of porphysome 
 nanoparticles   [ 101 ]       
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on endothelial cells for imaging angiogenesis [ 105 ]. The ZONs used in this study 
incorporated a coordination polymer precursor consisting of a carboxylic acid 
functionalized organic molecule (Fig.  16a ), and the particles were prepared by 
calcination at high temperatures (e.g., 550 °C) of the coordination polymers as 
described [ 106 ]. The authors found that the  64 Cu-NOTA-ZON-PEG-TRC105 
particles were taken up in 4T1 tumors in signifi cantly higher amounts than the 
nontargeted ZONs (~4–6 % ID/g vs. ~2–3 %ID/g) (Fig.  16b ). Liver uptake was 
15–20 % ID/g, and spleen was ~10 % ID/g. Overall, the tumor:non-tumor ratios 
were modest, even for the targeted particles.
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  Fig. 16     (a ) Preparation of coordination polymer precursor [ 107 ]; ( b ) red fl uorescent ZnO nanopar-
ticle conjugated with TRC105 for imaging CD105 as a marker of tumor vasculature. The nanopar-
ticle is labeled with Cu-64 for PET imaging in 4T1 tumor-bearing mice [ 106 ]       
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8         Conclusions 

 There have been signifi cant advances over the past decade in the development of 
radiolabeled nanoparticles for PET imaging of cancer. The advantages of PET, 
which include the ability to visualize disease with nano- to picomolar concentra-
tions of tracer, are well suited toward nanoparticles as diagnostic or theranostic 
agents. The plethora of classes of nanoparticles that have been investigated is 
encouraging, and although there are currently few agents that have moved on to 
human studies, it is anticipated that many more agents will advance in this direction 
over the next 5 years. The jury is still out regarding whether targeted or nontargeted 
nanoparticles are best suited for tumor imaging; however, the answer to this ques-
tion is most likely that both will ultimately be used clinically, and it will be highly 
dependent on the type of nanostructure.     
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Theranostic Nanoplatforms for PET  
Image-Guided Drug Delivery

Rubel Chakravarty, Feng Chen, Ashutosh Dash, and Weibo Cai

1  �Introduction

Nanomedicine is often heralded as one of the major leaps forward for twenty-first 
century clinical practice [1–3]. The use of nanomaterials for cancer diagnosis and 
therapy is arguably the most active area of nanomedicine research. Despite exten-
sive research input and huge investments, cancer remains a major public health 
concern worldwide [4]. Basically, this disease encompasses a heterogeneous spec-
trum of conditions and is highly unpredictable in majority of cases [4]. As per the 
statistics provided by World Health Organization (WHO), 8.2 million people world-
wide died from cancer in 2012, out of which at least 30 % of cancer deaths could 
have been prevented if necessary treatment was provided at an earlier time point [5]. 
Early diagnosis and treatment are essential to minimize the morbidity and mortality 
associated with the disease. In fact, early diagnosis of cancer is the crucial factor in 
majority of cases that directs the treatment regime and the choice of therapeutic 
intervention [4]. Successful cancer management relies on several factors that can be 
uniquely addressed via nanomedicine [1].
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Conventional cancer treatment approaches rely on systemic administration of 
chemotherapeutic drugs that indiscriminately affect tumor and healthy tissue alike, 
and therefore are toxic to both types of tissues [6, 7]. Such strategies are limited by 
a narrow therapeutic index (ratio of therapeutic to toxic effects) and demonstrate 
severe systemic side effects [8]. Additionally, several routinely used chemothera-
peutic drugs suffer from poor pharmacokinetics and inappropriate biodistribution 
that greatly limits the maximum allowable dose of the drug [3, 6, 8]. Therefore, 
many conventional drugs that have been shown to be highly effective in vitro are 
often relatively ineffective when administered in vivo. From this perspective, the 
use of nanoplatforms for targeted drug delivery can increase the selectivity of the 
treatment, improve drug concentration at the tumor site, and maximize the therapeu-
tic response while minimizing toxic side effects [3, 7, 9].

The past 10 years have witnessed significant advances in the development and 
deployment of nanoplatforms for targeted drug delivery, and innovative applications 
of cancer nanomedicine are now coming to fruition [3, 6–10]. Numerous nanoparticle-
based products for drug delivery have been approved for clinical applications, and 
even more are currently in clinical trials [3, 7]. An important breakthrough in this 
direction is the development of multifunctional nanoplatforms—nanoparticles that are 
capable of accomplishing multiple objectives such as imaging and targeted therapy or 
performing a single advanced function through incorporation of multiple functional 
units [10–12]. The synergistic utilization of a single nanoplatform for both molecular 
imaging as well as targeted drug delivery is known as “image-guided drug delivery,” 
which is a promising attribute toward personalized cancer management [9, 11, 12].

By adopting molecular imaging approaches it is possible to noninvasively visu-
alize how well these nanoplatforms can accumulate at the target site and specifically 
deliver the drug molecules [11]. It is also possible to preselect patients who are 
likely to respond to such treatment procedures. This strategy also offers a way to 
monitor how well patients would respond to nanomedicine-based therapeutic inter-
ventions, based on which drug doses and treatment protocols can be individualized 
and optimized during follow-up. Molecular imaging information on the possible 
accumulation of nanomedicine formulations in endangered healthy tissues may be 
used to exclude patients from further treatment.

The field of image-guided drug delivery has witnessed rapid advancement over 
the last few years which could be attributed to the phenomenal growth of molecular 
imaging technologies [11–13]. Various imaging modalities [e.g., positron emission 
tomography (PET), single photon emission computed tomography (SPECT), mag-
netic resonance imaging (MRI), optical, ultrasound] are now routinely used to assess 
specific molecular targets in preclinical and clinical settings [13–15]. Among these 
molecular imaging modalities, PET imaging is becoming more prevalent in clinical 
practices all over the world particularly because of its high sensitivity and possibility 
for accurate quantification which helps in understanding biological processes at the 
molecular and metabolic levels in  vivo [16]. Despite excellent attributes of PET 
technology in the field of clinical molecular imaging, it must be stressed here that no 
single imaging modality can provide information on all aspects of structure and 
function [17]. The choice of a particular imaging modality is primarily dependent on 
the specific question to be addressed through molecular imaging approach.
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This chapter focuses on the inherent feasibility and practicality of the concept of 
PET image-guided drug delivery using nanoplatforms. The development of ther-
anostic nanoplatforms for site- and event-specific targeting and controlled drug 
release are summarized, and the great potential and fascinating prospects for forth-
coming developments that might help in translating the research results from 
“bench-to-bedside” are discussed.

2  �PET Imaging as a Tool to Guide Drug Delivery

PET is a sensitive and specific noninvasive imaging modality that employs external 
detectors to measure the three dimensional distribution and pharmacokinetics of 
injected drug-loaded nanoplatforms that have been radiolabeled with suitable positron 
emitting radioisotopes [16, 18]. After being emitted from the nucleus, the positron 
travels a short distance in the surrounding matter or tissue before it annihilates with an 
electron to produce two 511 keV γ-rays, which correspond to the rest masses of the 
positron and electron [16]. These γ-rays are emitted simultaneously in opposite direc-
tions and are then detected by an array of surrounding detectors connected in coinci-
dence mode. Generally, a large number of coincidence events are acquired within a 
very narrow time interval (nanoseconds). The data is stored in the form two-dimen-
sional matrices called sonograms that are then corrected for detector nonuniformity of 
response, attenuation of photons by body and scatter, and reconstructed into an image 
with information on the spatial distribution of radioactivity as a function of time.

The ability to measure pharmacokinetics of drug-loaded nanoplatforms in tissues 
with PET needs to be underpinned by strong radiochemistry input [16, 18]. Several 
positron-emitting radioisotopes can be used to radiolabel drug-loaded nanoplatforms 
for research and clinical use, summary of which along with their nuclear decay prop-
erties is provided in Table 1. The availability of a wide variety of radioisotopes makes 
it possible to carefully pick the specific nuclear properties that are needed for a par-
ticular application in PET image-guided drug delivery [16]. From the perspective of 
PET imaging, 18F (t½ = 110 min) and 68Ga (t½ = 68 min) appear to be ideal choices 
because of their almost perfect chemical and nuclear decay characteristics. Indeed, 
these two radioisotopes are most widely used for preparing conventional PET radio-
pharmaceuticals for routine clinical use all over the world [19, 20]. However, 18F and 
68Ga may not be suitable for use in PET image-guided drug delivery as their short 
decay half-lives do not match the pharmacokinetics of most drug-loaded nanoplat-
forms. Moreover, the radiolabeling step might be time consuming, especially, in case 
of chelator-free radiolabeling of nanoplatforms [21–23], wherein use of these short-
lived radioisotopes might not be economically viable. From this perspective, the use 
of nonconventional radioisotopes such as 44Sc, 64Cu, 69Ge, 86Y, 89Zr, etc. (Table 1), 
with relatively longer half-lives, might be beneficial [24, 25]. However, it is pertinent 
to point out that most of these radioisotopes emit high energy γ-photons (with rela-
tively high abundance) caused by a complex decay scheme. These γ-photons can be 
detected in addition to the coincidence photons resulting from the positron emission, 
thereby increasing the spurious event rate, which leads to inferior imaging quality and 
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degradation of the quantitative accuracy. Therefore, depending on the specific appli-
cation, a balance between half-life of the radioisotope and the image quality which is 
dependent on nuclear decay characteristics of the radioisotope needs to be considered 
for choosing the appropriate radioisotope for labeling the desired nanoplatform.

PET images acquired after in vivo administration of radiolabeled nanoplatforms 
are generally analyzed by defining regions of interest and extracting radioactivity 
versus time-curves for the region [16, 18]. In more realistic circumstances, func-
tional parametric images are generated on a voxel-to-voxel basis using generic 
kinetic analysis [18]. If effect of drug-loaded nanoplatforms needs to be quantified, 
mathematical kinetic modeling approach can be employed [16, 18]. This strategy 
helps to enhance data interpretation within a framework of important kinetic behav-
ior in the region of interest to obtain quantitative parameters of relevance and uni-
versal comprehension. Mathematical modeling of PET data also enables 
pharmacological and physiological parameters that can be used to quantitatively 
assess the in vivo behavior of drug-loaded nanoplatforms [16, 18].

3  �Radiolabeled Nanoplatforms for PET Image-Guided 
Drug Delivery

In order to achieve image-guided drug delivery, researchers have developed several 
nanoplatforms with diverse sizes, architectures, and surface properties for selective 
administration of the chemotherapeutic drug to a specific target location [11, 12]. 
Some typical examples of nanoplatforms that have been particularly found to be 
useful for PET-image-guided drug delivery include organic nanoparticles such as 

Table 1  Nuclear decay characteristics of some positron emitting radioisotopes that can be used 
for PET image-guided drug delivery

Radionuclide
Half- 
life (h)

Mode  
of decay

β+ Particle 
energy 
(MeV)a,b

β+-
Branching 
ratio (%)b

Major γ-photons emitted other 
than annihilation photons in 
MeV (% abundance)

18F 1.8 β+/ECD 0.633 97.0 None
44Sc 3.9 β+/ECD 1.474 94.3 1.157 (99.9)
64Cu 12.7 β+/β-/ECD 0.653 17.4 1.346 (0.47)
68Ga 1.1 β+/ECD 1.889 88.0 1.077 (3.3)
69Ge 39.1 β+/ECD 1.205 21.0 0.574 (13.3), 0.872 (11.9)
72As 26.0 β+/ECD 2.499 64.2 0.630 (7.9), 0.834 (80.0),
86Y 14.7 β+/ECD 1.220 11.9 0.443 (16.9), 0.646 (9.2), 

0.777 (22.4), 1.854 (17.4), 
1.920 (20.8)

89Zr 78.4 β+/ECD 0.897 23.0 0.909 (100)

ECD electron capture decay
aMaximum β+ energy is mentioned
bOnly principal β+ emission is indicated
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liposomes, micelles, endogenous nanostructures, and inorganic nanoparticles such 
as colloidal metals and oxide nanoparticles [11, 26]. For a particular application, the 
choice of the nanoplatform is influenced by the bioavailability, biodistribution, 
types of drugs that can be delivered, and the specificity and pharmacokinetics of 
delivery. The in vivo stability and fate of the drug-loaded nanoplatforms is decided 
by numerous factors such as size, rigidity, charge, solubility, and surface modifica-
tions of the nanoplatform. With the advances in material science and nanotechnol-
ogy, it is now possible to specifically tailor these properties during the synthesis of 
nanoplatforms for targeted delivery of requisite doses of chemotherapeutic drugs 
and imaging contrast agents into cancerous lesions while sparing the healthy tis-
sues. Such “smart” theranostic nanoplatforms hold out the possibility of radically 
changing the practice of cancer management, allowing easy diagnosis followed by 
effective targeted therapy at the early stages of the disease.

Generally, two strategies are used for loading drugs onto targeting nanoplatforms 
[11, 12]. In the first approach, drugs are directly conjugated to the nanoplatforms 
surface using suitable linkers [11, 12]. The major limitations of this approach 
include (a) potential alteration in property of the drug due to conjugation, (b) inevi-
table heterogeneity of the final product, and (c) the need to develop customized 
conjugation procedure for each particular drug that needs to be delivered using the 
nanoplatform [11, 12]. Many of these limitations could be circumvented to a con-
siderable extent in the other approach, which involves loading of chemotherapeutic 
drugs onto high capacity nanoplatforms (e.g., liposomes, inorganic oxides, etc.) [11, 
12]. Such drug-loaded nanoplatforms protect entrapped drugs from degradation 
during their delivery to the target and do not alter the biological efficacy of the drug 
[11, 12]. Despite excellent attributes of this strategy for PET image-guided drug 
delivery, drug release from the nanoplatforms cannot always be properly triggered 
to take place with the desired selectivity [27]. Moreover, homogeneous distribution 
and effective internalization of the drugs by the whole population of targeted can-
cerous cells are not always achievable [27]. Nevertheless, it would be possible to 
achieve sustained drug release over a prolonged period of time by modulating the 
porosity, surface charge, and biodegradability of the nanoplatforms.

The delivery of the nanoplatform to the target tissue can be achieved primarily in 
two ways—passive and active targeting (Fig. 1) [28]. Passive targeting takes advan-
tage of the permeability of tumor tissue [28]. Due to rapid vascularization to serve 
fast-growing cancerous tissues, the capillary endothelium in cancerous tissue is 
more disorderly and thus more permeable toward nanoplatforms than the capillary 
endothelium in normal tissues. If the drug-loaded nanoplatform can stay in blood 
circulation for a reasonably long time, there will be enrichment of nanoplatforms 
into the tumor tissues. Furthermore, since the lymphatic system is not developed in 
tumor tissue, extravasated nanoparticles tend to stay inside the interstitial space in 
tumor tissues. This overall phenomenon of accumulation of nanoplatforms in tumor 
tissues is known as the enhanced permeability and retention (EPR) effect [28].

The EPR phenomenon is dependent on several factors such as particle size, par-
ticle surface charge and hydrophobicity, immunogenicity, tumor characteristics, 
etc., which results in many challenges in the optimization of passive targeting [28]. 
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Further, specificity toward the tumor would be low in passive targeting and therefore 
therapeutic concentrations of the chemotherapeutic drug can be suboptimal at the 
tumor site resulting in poor therapeutic efficacy [11]. To overcome these limitations, 
active targeting would be a more viable approach that can be achieved by conjugat-
ing the functionalized nanoplatform to a suitable targeting moiety such as aptamers, 
peptides, or proteins, thereby allowing preferential accumulation of the drug in the 
tumor tissue [28]. The best results would be expected by combining the effects of 
both passive and active targeting to achieve maximal therapeutic efficacy [11].

A major hurdle in using nanoplatforms for image-guided drug delivery is their ten-
dency to get trapped and cleared from the circulation by the reticuloendothelial system 
(RES) [27]. Additionally, nanoparticles can interact with plasma proteins effectively 
altering their surface properties [27]. The introduction of biocompatible hydrophilic 
polymer chains, such as polyethylene glycol (PEG), creates a hydrated brush-like coat-
ing on the nanoparticle surface that enhances nanoparticle solubility, prolongs blood 
circulation times, and delays RES clearance [29, 30]. It has been demonstrated that 
PEG-coated nanoplatforms have circulation times several orders of magnitude longer 
than uncoated nanoplatforms [29, 30]. Various nanoplatforms have been radiolabeled 
with different positron emitting radioisotopes for PET image-guided drug delivery, 
most of which are summarized in Table 2 and discussed in the following text.

Fig. 1  Schematic depiction of EPR-mediated passive and active targeting using theranostic nano-
platforms. Nanoparticles can passively target tumors through preferential passage through larger 
interendothelial junctions compared to those of healthy tissues. Nanoparticles can also be conju-
gated with suitable targeting agents, such as antibodies that are specific to proteins (receptors) 
more highly expressed in tumors than healthy tissue, to actively target tumors. Adapted with per-
mission from Ref. [28]
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3.1  �Liposomes for PET Image-Guided Drug Delivery

Liposomes are good candidates as drug carriers and have been widely investigated 
in drug delivery systems [31, 32]. Basically, liposomes are self-assembled vesicles 
composed of a lipid bilayer, which forms a closed shell surrounding an internal 
aqueous phase. The major advantages of liposomal carriers for drug delivery are 
that they are biodegradable and nontoxic [31, 32]. Moreover, size, charge, and sur-
face functionalization of liposomes are easily controllable and such systems are 
suitable for carrying both hydrophobic and hydrophilic drug molecules [31, 32]. 
Owing to these favorable characteristics, liposomes were the first nanoplatforms to 
make the transition from conceptual stage to clinical application, and are now an 
established technology platform with considerable clinical acceptance [7, 31, 32].

Paoli et al. reported the synthesis of liposomal formulations with particle size in 
the range 80–113 nm [33]. The liposomes were preconjugated with suitable fluoro-
phores (calcein or AF-750) and radiolabeled with 18F or 64Cu for dual-modality 
PET/optical imaging. A model hydrophilic drug was encapsulated in the liposomal 
system and administered in mice bearing bilateral Met-1 tumors, to assess the rela-
tive stability and circulation kinetics of the drug-loaded liposomes, while maintain-
ing temperature sensitivity. Using in  vivo PET imaging and ex  vivo fluorescent 
imaging of tumors, the authors could demonstrate that the accumulation of the drug 
was increased by up to 177-fold by liposomal encapsulation.

In a recent study, Lee et  al. reported the synthesis of a chelator compound, 
4-DEAP-ATSC, which serves as the 64Cu loading and entrapment agent in liposo-
mal formulations [34]. The authors demonstrated that the 64Cu-DEAP-ATSC com-
plex could be loaded into PEGylated liposomal doxorubicin (PLD) and 
HER2-targeted PLD (MM-302) with >90 % efficiency and that 64Cu-loaded liposo-
mal formulations were stable in human plasma up to 24 h. In vivo PET imaging 
studies in BT474-M3 (HER2-overexpressing breast carcinoma) xenografts after 
administration of 64Cu-MM-302 showed heterogeneous distribution within tumors. 
The biodistribution profiles were quantitatively consistent with tissue-based analy-
sis, and radioactivity uptake in the tumor (4.8 ± 0.7 %ID/g at 24 h postinjection) 
correlated with liposomal drug deposition. The promising results obtained in this 
study suggest that clinical translation of this strategy might aid in the identification 
of cancer patients who are most suited for undergoing liposomal therapy.

3.2  �Micelles for PET Image-Guided Drug Delivery

Micelles are colloidal particles with a size usually within a range of 5–100 nm, and 
are currently under investigation for targeted delivery of hydrophobic anticancer 
drugs [35]. When tagged with suitable positron emitting radioisotopes, these systems 
can be used for image-guided drug delivery. Among the various micellar structures, 
the polymeric micelles are the most extensively used for drug delivery applications 
[35, 36]. The polymeric micelles generally consist of a unique core—shell structure. 
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The inner core is the hydrophobic part of the block copolymer, which encapsulates 
the hydrophobic drug. The outer shell or corona of the hydrophilic block of the copo-
lymer is often composed of PEG, and it protects the drug from the aqueous environ-
ment and also imparts particle stability and excellent dispersibility in an aqueous 
solution. Because of these characteristics, polymeric micelles have several advan-
tages as drug carriers such as enhancing the aqueous solubility of hydrophobic drugs, 
prolonging the circulation time of the drug in the blood, improving the in vivo stabil-
ity of the drug, providing both passive and active tumor targeting abilities, and reduc-
ing nonspecific uptake by the RES [35, 36].

In the first use of micellar systems for PET image-guided drug delivery in tumor-
bearing mice, Xiao et  al. reported the synthesis of multifunctional unimolecular 
micelles made of a hyperbranched amphiphilic block copolymer [37]. The 
hyperbranched block copolymer of the micellar system was conjugated with 
cyclo(Arg-Gly-Asp-D-Phe-Cys) peptides (cRGD, for integrins αvβ3 targeting) and 
macrocyclic chelators [1,4,7-triazacyclononane-N,N′,N″-triacetic acid (NOTA)], 
for 64Cu-labeling. An anticancer drug, doxorubicin (DOX), was also covalently con-
jugated onto the hydrophobic segments of the amphiphilic block copolymer arm to 
enable targeted drug delivery and pH-controlled drug release. In vitro studies 
showed that cRGD-conjugated unimolecular micelles exhibited a much higher cel-
lular uptake in human glioblastoma (U87MG) cells due to integrin αvβ3-mediated 
endocytosis compared to nontargeted unimolecular micelles, thereby leading to a 
significantly higher cytotoxicity. In vivo PET imaging and biodistribution studies in 
U87MG (human glioblastoma) xenografts revealed that targeted unimolecular 
micelles (conjugated with cRGD peptide) exhibited a much higher level of tumor 
accumulation (~5 %ID/g) than nontargeted unimolecular micelles (~2.5 % ID/g) at 
4  h postinjection (Fig.  2a). Administration of a blocking dose of cRGD peptide 
(10 mg/kg of mouse body weight) followed by administration of radiolabeled uni-
molecular micelle conjugated with cRGD peptide reduced the tumor uptake 
significantly (~2 % ID/g), which confirmed integrin αvβ3 specificity of the targeted 
micelle in vivo (Fig. 2a). These results were further confirmed by ex vivo optical 
imaging using the fluorescence signal of DOX (Fig. 2b).

The same group of authors further extended the work by conjugation of anti-CD105 
monoclonal antibody (TRC105) with the unimolecular micelles (instead of cRGD pep-
tide as done in the previous study) [38]. TRC105-conjugated unimolecular micelles 
showed a higher CD105-associated cellular uptake in human umbilical vein endothelial 
cells (HUVEC) compared with nontargeted unimolecular micelles. Similar to the previ-
ous study, in vivo PET imaging and biodistribution studies in 4T1 murine breast tumor-
bearing mice showed that a tumor accumulation of ~6 % ID/g of targeted micelles (i.e., 
conjugated with TRC105) was higher than that of nontargeted micelles (~3 % ID/g) at 
5 h postinjection. In a recent study, the same group of authors reported the development 
of a new type of unimolecular micelle formed by brush-shaped amphiphilic block 
copolymers [39]. As in the previous study, the unimolecular micelle was conjugated 
with TRC105, loaded with DOX and radiolabeled with 64Cu for PET image-guided 
drug delivery in 4T1 tumor-bearing mice and similar results were obtained. The encour-
aging results obtained in all these studies clearly indicate that unimolecular micelles are 
promising form of nanomedicine for targeted cancer theranostics.
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3.3  �Endogenous Nanosystems for PET Image-guided Drug 
Delivery

Over the last few years, there is growing interest toward the use of endogenous 
organic nanostructures, such as ferritins, melanin, etc. as drug delivery platforms 
due to their native biocompatibility and biodegradability [26, 40, 41]. In this direc-
tion, it is desirable to develop endogenous systems that intrinsically possess both 
contrast and drug delivery properties. Recently, Zhang et al. reported the synthesis 
of melanin nanoparticles as an efficient endogenous system for multimodality 
image-guided drug delivery [26]. Melanin is a biopolymer with good biocompatibil-
ity and biodegradability, intrinsic photoacoustic properties, and binding ability to 
various types of chemotherapeutic drugs [41]. The synthesized nanoparticles were 
PEGylated, loaded with an anticancer drug (Sorafenib), radiolabeled with a 64Cu 
adopting chelator-free approach, and then used for dual modality PET and photo-
acoustic image-guided drug delivery. In vivo PET imaging and biodistribution stud-
ies after intravenous administration of the nanoplatforms in hepatocellular carcinoma 

Fig. 2  PET image-guided drug delivery using unimolecular micelle. (a) PET imaging of U87MG 
tumor-bearing mice at different time points postinjection of 64Cu-labeled unimolecular micelle 
loaded with DOX (nontargeted), 64Cu-labeled unimolecular micelle conjugated to cRGD and loaded 
with DOX (targeted), and 64Cu-labeled unimolecular micelle conjugated to cRGD and loaded with 
DOX with a blocking dose of cRGD (blocking). (b) Ex vivo fluorescence imaging of U87MG tumor, 
with the excitation and emission set for detecting DOX fluorescence, harvested from mice injected 
with targeted and nontargeted unimolecular micelles. Adapted with permission from Ref. [37]
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(HepG2) tumor-bearing mice revealed rapid tumor uptake by passive targeting 
(5.5 ± 0.3 % ID/g at 4 h postinjection) with a good tumor to background contrast. The 
results of PET imaging were further corroborated by photoacoustic imaging. 
Furthermore, the authors could successfully demonstrate the antitumor effects of 
drug-loaded melanin nanoparticles by studying the inhibition of tumor growth 
in vivo. The promising results obtained in this study prove that melanin nanoparti-
cles are an efficient biosystem for multimodality image-guided drug delivery and 
hold potential for clinical translation in the foreseeable future.

3.4  �Metallic Nanoparticles for PET Image-Guided  
Drug Delivery

Among the various metallic nanoparticles reported to date, gold nanostructures possess 
unique characteristics that enable their use as contrast agents, therapeutic entities, and 
frameworks to attach functional molecules, therapeutic cargo, or targeting ligands [42, 
43]. Owing to their ease of synthesis, easy surface functionalization, and nontoxicity, 
gold nanostructures have emerged as powerful nanoplatforms for cancer theranostics 
[42]. The development of a multifunctional gold nanorod-based nanoplatform for PET 
image-guided drug delivery was reported by Xiao et al. [44]. The bare gold nanorods 
had a length and diameter of approximately 45 and 10  nm, respectively. The gold 
nanorods were PEGylated and an anticancer drug (DOX) and tumor targeting agent 
(cRGD) were conjugated to it. A chelator, NOTA, was attached onto the distal ends of 
the PEG arms for 64Cu labeling. Based on flow cytometry analysis, cRGD-conjugated 
gold nanorods loaded with DOX exhibited a higher uptake and cytotoxicity in U87MG 
cells compared to nontargeted gold nanorods in vitro. However, in vivo PET imaging 
and biodistribution studies showed that targeted and nontargeted gold nanorods had a 
similar distribution pattern, in particular in respect to tumor uptake (~5 % ID/g). Despite 
this limitation, this study demonstrated the potential of gold nanorods as an efficient 
nanoplatform for cancer theranostics.

3.5  �Inorganic Oxide Nanoparticles for PET Image-Guided 
Drug Delivery

Over the last few years, inorganic oxide nanoparticles such as silica and iron oxide 
nanoparticles have gained significant attention for image-guided drug delivery due 
to their easy synthesis, uniform morphology, adjustable pore volume, controllable 
diameter, modifiable surface potential, possibility for easy functionalization, and 
significant biocompatibility [45–47]. Owing to these favorable features, dye-doped 
ultrasmall and renal clearable silica nanoparticles (also known as C dots) have 
recently received the United States Food and Drug Administration (FDA) investiga-
tional new drug approval for a first-in-man clinical trial [48].
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The utilization of silica nanoparticles for PET image-guided drug delivery in 
small animal models was reported by Chen et al. [49]. The authors synthesized 
uniform 80 nm sized mesoporous silica nanoparticles (MSNs), which were then 
surface functionalized with thiol groups, PEGylated, conjugated with NOTA 
chelator and TRC105 antibody (specific for CD105/endoglin). The nanoplatform 
was loaded with an anticancer drug, DOX, and radiolabeled with 64Cu for PET 
image-guided drug delivery in 4T1 murine breast tumor-bearing mice. In vivo 
PET imaging and biodistribution studies showed high tumor uptake (~6 % ID/g) at 
5 h postinjection. The tumor uptake (~3 % ID/g at 5 h postinjection) of nontargeted 
nanoparticles (not conjugated with TRC105) was lower than the tumor uptake 
observed with targeted nanoparticles, indicating that both active targeting and 
EPR effect were responsible for the enhanced tumor uptake. The CD105 specific-
ity of the TRC105-conjugated nanoplatform was further confirmed by blocking 
studies, wherein administration of a blocking dose (1 mg/mouse) of TRC105 at 1 h 
before injection of radiolabeled nanoplatform could significantly reduce the tumor 
uptake to ~3 % ID/g at 5 h postinjection. The loading capacity of DOX in MSNs 
was estimated to range from 76.6 to 481.6 mg/g. Using ex vivo optical imaging, 
the authors could successfully demonstrate the feasibility of enhanced tumor tar-
geted delivery of DOX using TRC105-conjugated MSNs. In another similar study 
from the same group, MSNs were PEGylated, conjugated with antivascular endo-
thelial growth factor receptor (VEGFR) ligand, VEGF121, loaded with anti-VEGFR 
drug (sunitinib), and radiolabeled with 64Cu for PET image-guided drug delivery 
in human glioblastoma (U87MG) xenografts [50]. As observed in the previous 
study, significantly higher amount of drug could be delivered to the tumor by tar-
geting VEGFR when compared with the nontargeted counterparts.

In order to achieve a higher drug loading capacity and improved tumor uptake than 
MSNs, Chen et al. reported the synthesis of functionalized hollow mesoporous silica 
nanoparticles (HMSNs) of 150 nm particle size [51]. The drug (DOX) loading capac-
ity of HMSNs was found to be 3–15 times higher than previously reported MSNs [49, 
51]. The hollow space inside the nanoplatform could be loaded with DOX, followed 
by conjugation with near-infrared (NIR) dye (ZW800) and the 64Cu-chelator 
NOTA. The drug-loaded nanoplatform was subsequently PEGylated, conjugated with 
TRC105 antibody, and radiolabeled with 64Cu for dual modality (PET/optical) image-
guided drug delivery in 4T1 tumor-bearing mice. In vivo PET imaging and biodistri-
bution studies revealed that tumor uptake of TRC105-conjugated HMSNs was ~10 % 
ID/g at 4 h postinjection, which was ~3 times higher than that of the nontargeted 
group (Fig. 3a). Administration of a blocking dose (1 mg/mouse) of free TRC105 at 
1 h before injection of radiolabeled nanoplatform could significantly reduce the tumor 
uptake to ~5 % ID/g at 4 h postinjection, clearly demonstrating CD105 specificity of 
the targeted nanoplatform in vivo (Fig. 3a). These results were further corroborated by 
optical imaging studies. Enhanced DOX delivery was also demonstrated in 4T1 
tumor-bearing mice by ex vivo optical imaging using fluorescence signal of DOX 
(Fig. 3b). This work was further extended by the same group, wherein 64Cu-labeled 
HMSNs were loaded with anticancer drug (sunitinib), and conjugated with cRGD 
peptide for targeting integrin αvβ3 expression in U87MG tumor-bearing mice [52]. In 
vivo PET imaging studies indicated ~8 % ID/g tumor uptake of targeted nanoconju-
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gates, which correlated well with ex vivo biodistribution analyses. As in the previous 
study, enhanced tumor-targeted delivery of the anticancer drug was observed, thereby 
demonstrating the potential of HMSNs for targeted cancer imaging and drug delivery. 
Since silica-based nanoparticles have already received FDA approval for clinical use 
[48], the results obtained in these studies set the stage toward potential clinical trans-
lational of this promising nanoplatform for cancer theranostics.

Iron oxide nanoparticles are used as contrast agents in magnetic resonance imag-
ing (MRI) [46, 47]. Additionally, such nanoparticles offer the scope of attaching 
probes containing multiple imaging motifs on its surface for multimodality molecular 
image-guided drug delivery [46, 47]. In an interesting study, Yang et al. reported the 
synthesis of cRGD-functionalized, DOX-conjugated, and 64Cu-labeled superpara-
magnetic iron oxide nanoparticles (SPIOs) for targeted anticancer drug delivery and 
PET/MR imaging in human glioblastoma (U87MG) xenografts [53]. In vivo PET 
imaging and biodistribution studies showed that cRGD-conjugated SPIOs showed a 
much higher level of tumor accumulation (~5 % ID/g) than nontargeted, i.e., cRGD-
free ones (<2 % ID/g). From relaxivity measurements, it was demonstrated that drug-
loaded and cRGD-conjugated SPION could effectively serve as MR contrast agents. 
The authors also observed that cRGD-conjugated SPIOs induced a significant amount 
of cytotoxicity in the U87MG tumor cells, suggesting that DOX was released from 

Fig. 3  PET image-guided drug delivery using HMSNs. (a) PET images of 4T1 tumor-bearing 
mice at different time points postinjection of 64Cu-labeled HMSNs loaded with DOX (nontar-
geted), 64Cu-labeled HMSNs conjugated to TRC105 and loaded with DOX (targeted), and 
64Cu-labeled HMSNs conjugated to TRC105 and loaded with DOX with a blocking dose of 
TRC105 (blocking). (b) Ex vivo optical imaging of major organs in 4T1 tumor-bearing mice with 
the excitation and emission set for detecting DOX fluorescence after intravenous injection of tar-
geted and nontargeted HMSNs. Adapted with permission from Ref. [51]
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the nanoplatform and entered the cell nucleus. This study successfully demonstrates 
the potential of iron oxide nanoparticles for combined tumor-targeting drug delivery 
as well as multimodality imaging.

4  �Clinical Translation of PET Image-Guided Drug Delivery 
Using Nanoplatforms

Almost all the studies reported to date on PET image-guided drug delivery using 
nanoplatforms are limited to preclinical settings. Therefore, it must be admitted that 
this field is still in its nascent stage and more systematic studies are warranted to 
understand the mechanisms for targeting, drug delivery, and monitoring therapeutic 
efficacy, which might aid in translating these novel discoveries into real clinical 
impact. To successfully translate these theranostic nanoplatforms into the clinic, the 
following points need to be taken into consideration [54, 55].

•	 Several nanoplatforms are already used in patients for targeted drug delivery, as 
well as many are close to clinical translation [2, 3, 7]. Research efforts should be 
directed toward radiolabeling these nanoplatforms with suitable positron emit-
ting radioisotopes to realize the scope PET image-guided drug delivery in near 
future. Given their established physicochemical versatility, and the large amount 
of preclinical studies already carried out, it can be expected that clinical transla-
tion of these radiolabeled nanomedicines will not be too problematic.

•	 Thorough knowledge needs to be gained regarding the pharmacokinetics and 
pharmacodynamics of the radiolabeled nanoplatforms loaded with chemothera-
peutic drugs [54].

•	 It will be of paramount importance to establish that the degree of tumor accumula-
tion of a radiolabeled nanoplatform loaded with drug as demonstrated by PET 
imaging should correspond, at least to some extent, to its therapeutic efficacy [54].

•	 Even if clear correlation between tumor accumulation of drug-loaded radiola-
beled nanoplatform and its therapeutic efficacy is established, it will be essential 
to appropriately distinguish between low and high levels of target site accumula-
tion. With the present knowledge, it is difficult to decide from what (relative) 
percentages of the injected dose onward, the patients can be expected to demon-
strate adequately high levels of target site accumulation [54]. Obviously, these 
values will vary not only from one nanoplatform to the other but also from one 
type of malignancy to the other. Therefore, systematic and meticulously planned 
preclinical studies would be essential to provide answers to such questions.

•	 It would be important to understand how the level of target site accumulation of 
drug-loaded and radiolabeled nanoplatforms changes during the course of ther-
apy [54]. In case the size, stage, perfusion, and/or permeability of tumors 
decrease significantly during the initial cycles of PET image-guided therapy, and 
if this also substantially lowers the degree of accumulation of the radiolabeled 
nanoplatform, then it will be essential to establish parameters and protocols to 
decide whether this treatment should be continued or not.
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•	 Though not an essential criterion, it would be desirable to investigate how target-
ing and treating primary tumors with drug-loaded nanoplatforms correlates with 
targeting and treatment of metastases.

Besides these biological aspects, there are several technical and regulatory issues 
that are also of paramount importance for clinical translation of the radiolabeled 
nanoplatforms for PET image-guided drug delivery, as briefly enlisted later.

•	 As the theranostic nanoplatforms are intended for human use, their preparation 
must adhere to current good manufacturing process (cGMP) compliance to ensure 
that the quality of the final product meet the acceptance criteria. The United States 
FDA has approved a set of regulations describing production of molecular imag-
ing agents according to cGMP, outlined in the Code of Federal Regulations [15, 
56–59]. Enforcement of cGMP is intended to preclude patients at risk due to inad-
equate safety and quality, and to enhance consistency in the application of the 
regulatory requirements [15, 56–59]. Any deviation from the approved method of 
preparation would require considerable validation before patient use.

•	 While ensuring cGMP compliance is an appealing vision, it is a demanding task 
as it includes requirement of well-qualified personnel, use of controlled materi-
als and procedures, accessibility of qualified equipment, preparation of radiola-
beled and drug-loaded nanoplatforms in designated clean areas, applying only 
validated processes and analytical methods for each step, full documentation of 
the process, registration of the theranostic agent and clinical procedure to be 
adopted for PET image-guided drug delivery with national/regional health 
authorities, and release of the same for human use by an authorized personnel.

•	 While manual synthesis approach is generally adopted for synthesis of theranostics 
nanoplatforms for PET image-guided drug delivery in a preclinical setting due to 
the requirement of the theranostic agents in small quantities, use of manual synthe-
sis procedure for large-scale clinical applications might be challenging. Therefore, 
it might be essential to consider the use of automated synthesis apparatus owing to 
the following advantages [60, 61]:

•	 Offer robust, repeatable synthesis of the theranostic nanoplatforms.
•	 Reduced operator intervention minimizes operational errors.
•	 Ensure radiation safety during the radiolabeling step through reduction or elimi-

nation of manual operations.
•	 The use of fully automated synthesis modules not only facilitates cGMP compli-

ance, but also offers complete traceability of the process, an aspect of utmost 
importance because of the extensive regulatory burden.

•	 Precludes the risk of bacterial contamination of the drug-loaded and radiolabeled 
nanoplatforms that will be administered in human subjects.

Although automation strategy holds significant promise toward clinical transla-
tion of theranostics nanoplatforms, it is associated with the challenge of reconfiguring 
the synthesis module for new procedures requiring nonconventional chemistry 
while maintaining full automation and compliance with cGMP regulations. 
Nevertheless, in order to be effective in addressing the particular regulatory barriers, 
automated synthesis modules must be customized to local legislative, regulatory, 
and institutional conditions.
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It is also pertinent to point out that besides scientific and technical issues, several 
socioeconomic and political factors might also affect clinical translation of ther-
anostic nanoplatforms for PET image-guided drug delivery. The acceptance of a 
new approach in cancer management is generally an iterative process that requires 
substantial effort and sometimes luck. Extensive regulatory requirements and 
bureaucratic procedures in certain countries, limited potential market initially for 
such novel approaches, lobbying by the manufacturers of other approved cancer 
drugs, lack of reimbursement strategies by the insurance companies for these novel 
approaches, etc. might also impede the process of clinical translation of theranostic 
nanoplatforms for PET image-guided drug delivery. Despite these hurdles, the 
exciting results obtained to date indicate that theranostic nanoplatforms likely will 
have multifaceted applications in future clinical practice.

5  �Conclusions and Future Perspectives

The versatility of theranostic nanoplatforms for PET image-guided drug delivery 
brings forth unique perspectives in cancer management that are evident in their 
discovery and rapid development. A single nanoplatform can now be used to detect 
tumors, treat them, monitor treatment response, and also guide therapeutic regimes. 
If the growth of this field continues at its present pace, the day may not be far out 
when PET image-guided drug delivery would become the norm rather than the 
exception in clinical oncology. However, before this optimism becomes a reality, 
several issues related to safety and complexity of theranostic nanoplatforms must be 
adequately addressed. Generally, vascular-targeted delivery is only achievable using 
theranostic nanoplatforms and penetration of cancerous drugs inside cancerous 
lesions has not yet fully succeeded [27]. Furthermore, cellular toxicity of several 
nanoplatforms proposed for cancer theranostics is an issue of serious concern [27]. 
In general, biocompatible and biodegradable nanomaterials would be the preferred 
choice for clinical use in PET image-guided drug delivery.

Despite excellent attributes of PET, there is now an overwhelming scientific con-
sensus that no single molecular imaging modality is perfect and sufficient to gain all 
the necessary information [17]. The multifunctionality of the nanoplatforms would 
offer the scope for multimodality molecular imaging to provide synergistic advan-
tages over any single modality alone. Similarly, it might be worth investigating the 
advantages of multimodality therapy wherein different types of therapeutic agents 
(such as chemotherapy, radiotherapy, or gene therapy agents) can be simultaneously 
delivered by the nanoplatforms at cancerous lesions for enhanced therapeutic effec-
tiveness. While numerous challenges face all new technologies, bringing theranostic 
nanoplatforms for PET image-guided drug delivery to clinical market would require 
multidisciplinary effort at the intersection of manufacturing, regulation, and fund-
ing in order to turn these challenges into opportunities. Such a concerted effort may 
contribute toward developing more effective and less toxic treatment regimens for 
individual patients which would be a significant advancement toward achieving the 
ultimate goal of “personalized medicine” for cancer management.
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      Triggered Drug Release and Enhanced Drug 
Transport from Ultrasound-Responsive 
Nanoparticles                     

     James     J.     Kwan     and     Constantin     C.     Coussios    

1           Introduction 

 There have been major advances in the ability to discover and develop novel drugs 
across nearly all diseases and drug classes [ 1 – 3 ]. However, for most fatal diseases, 
such as cancers, cardiovascular diseases, and neurological disorders, the  therapeutic   
agents typically used are effective in treating the diseased tissue, but are either 
excessively toxic [ 4 – 7 ] or poorly distributed within the diseased tissue [ 8 – 11 ]. 
These limitations in drug delivery have impacted all routes of transport, such as: 
oral, nasal, aerosol, transdermal, and systemic. Each of the aforementioned  drug 
delivery   routes has their own associated set of challenges and opportunities. 
However, the scope of this chapter is focused on systemic  drug delivery   because it 
is one of the most widely used means of delivering a drug. 

 Effi cacious yet highly toxic and nonspecifi c drugs often have limited bioavail-
ability and distribution within diseased tissue [ 12 ]. These physiological challenges 
are not unique to specifi c diseases, but are present across cancers, cardiovascular 
lesions and occlusions, and the brain [ 13 ], and are therefore drug-class-agnostic. The 
need to overcome these challenges has resulted in a substantial increase in research 
devoted to techniques that promote site-targeted delivery and enhanced distribution 
of  therapeutics  . Many research groups have approached this need through a variety 
of “passive” and “active” drug delivery techniques. In this chapter, we focus on 
active processes that promote drug delivery in response to an  ultrasound   fi eld.  
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2     Applications of  Drug Therapies   

2.1      Cancer      

 Solid tumors represent a highly challenging environment for drug delivery, 
because of the chaotic vasculature, enhanced intratumoral pressure, dense extra-
cellular matrix, and increased distance between a cancerous cell and the nearest 
blood vessel [ 14 ]. Tumors also present an unusual drug delivery opportunity by 
virtue of the leaky endothelial gaps that are typically present: this implies pref-
erential accumulation or passage of therapeutics in the range 100–300 nm. 
 Active delivery mechanisms   typically have three roles to play in this context: 
enable increased extravasation of the  therapeutic   from the blood stream into the 
tumor, permit triggered release of the therapeutic at the tumor site only, and 
mediate improved transport and distribution of the therapeutic throughout the 
tumor mass. 

 Conventional chemotherapeutics include small molecular drugs, such as taxanes 
(e.g., paclitaxel [ 15 ]), anthracyclines (e.g., doxorubicin [ 16 ,  17 ]), and cytosines 
(e.g., arabinoside [ 18 ,  19 ]), which typically circulate well and have considerable 
diffusivity in tumors. However, all of these drugs are nonspecifi c, and are therefore 
highly cytotoxic to both healthy and cancerous tissues. In this context,  ultrasound  - 
mediated delivery could enable site-specifi c triggered release, as well as potentially 
enhance the penetration distance of the  therapeutic   from the perivascular space into 
the tumor mass. 

 Beside small molecular drugs, there is now an increasing  trend      towards using 
biologics, such as oncolytic viruses, peptides, and antibodies, to achieve more tar-
geted cancer therapy.  Oncolytic viruses   selectively infect and kill cancer cells: 
although there are relatively few in the clinic, the fi rst candidate for melanoma was 
recently approved by the FDA and EMA (T-Vec, Amgen) [ 20 ].  Peptides   are typi-
cally used to block the production of vascular endothelial growth factor (VEGF) 
and prevent the proliferation of blood vessels [ 21 ].  Antibodies   act by a wide range 
of mechanisms, with the most recent developments focusing on targeting cytotoxic 
T lymphocyte- associated antigen 4 (CTLA-4) [ 22 ] and the programmed cell death 
protein 1 pathway (PD-1/PD-L1) [ 23 ,  24 ]. 

 Increased specifi city does, however, come at the cost of greatly increased size 
and possibly much faster clearance in the systemic circulation. Peptides are typi-
cally on the order of 5 nm, antibodies are on the order of 10 nm and viruses range 
in size from 100 to 200 nm. The challenge in delivering these agents is therefore 
twofold. Their increased size implies greatly decreased extravasation and penetra-
tion into the tumor mass. Secondly, the very short half-life of agents, such as 
viruses, means that there is a very short time (on the order of 10 min) over which 
to convert a systemically administered dose into a therapeutic dose in the tumor. 
Once again, active delivery by  ultrasound         could facilitate both of those aspects.  
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2.2      Cardiovascular Diseases      

 Currently, there are several means to treat cardiovascular diseases. Treatments 
typically rely on regular doses of statins. However, for more acute instances of car-
diovascular disease, treatments rely on the protein  tissue plasminogen activators 
(tPA)   to dissolve the occlusion and allow increased blood fl ow [ 25 ]. As a result, tPA 
therapies are used to treat embolisms, myocardial infarctions, and stroke that result 
from clot formations [ 26 ]. The drug catalyzes the enzymatic degradation of fi brin, a 
primary protein within clots. This drug, however, is very potent and nonspecifi c, 
and often needs to be delivered to the target under conditions of low or no blood 
fl ow. As a result, off-site bleeding is a substantial  problem   [ 27 ] and often prohibits 
some  patients      from this therapy.  Active delivery mechanisms   thus have a signifi cant 
role to play in terms of enhanced transport, and improved specifi city through trig-
gered release.  

2.3      Neurological Disorders      

 There is a wide range of  therapeutics   currently under investigation for the treatment 
of neurological disorders, such as Alzheimer’s disease (AD) and Parkinson’s dis-
ease (PD). Viruses,  peptides  , and other biologics have been utilized to help break 
down damaging plaque formations, infl uence neurotransmission, or enable the 
innate immune system to play a role in AD therapy [ 28 ]. Likewise, small drug 
molecules [ 29 – 31 ] and adenoviruses [ 32 ] have also been applied to PD. These 
therapeutic agents have shown great promise in treating these neurological disor-
ders, as indicated by many of them entering into phase 1 and 2 clinical trials. 
However, many of these strategies rely on the passage beyond the blood–brain bar-
rier (BBB) [ 33 ]. This is the key challenge for delivery of these classes of agent, and 
 ultrasound   has a key role to play both in reversible opening the BBB and helping 
transport agents across it.   

3      Ultrasound      for Drug Delivery and Transport 

  Ultrasound   is a non-ionizing, non-destructive sound wave operating at frequencies 
above 20 kHz. These mechanical waves easily propagate through the human body, 
but are obstructed by bones or large gas cavities. Furthermore, the  acoustic wave   
can be focused similarly to lens focusing of light [ 34 ], which allows for diseased 
tissue-specifi c targeting without harming nearby healthy tissue. It is therefore ideal 
for many diagnostic and  therapeutic   applications [ 35 ]. In the context for ultrasound- 
mediated drug delivery with  nanoparticles  , we broadly characterize the mecha-
nisms of action from ultrasound into thermal or mechanical effects (Fig.  1 ).
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   As an  acoustic wave   travels through a medium it is attenuated through 
refl ection, scattering, and absorption [ 36 ]. Acoustic energy that is absorbed is 
converted to heat [ 35 ]. Ultrasound is thus one of the only modalities capable of 
generating highly localized mild  hyperthermia      (39–43 °C) at depth within the 
body. The resulting temperature rise can be monitored noninvasively using either 
 ultrasound   or MRI- based techniques, with MR-thermometry being most com-
monly used clinically in spite of its signifi cant cost and limited spatiotemporal 
accuracy [ 37 – 40 ]. 

 Ultrasonic waves are also capable of imposing mechanical effects, such as 
acoustic radiation force or cavitation. Acoustic radiation forces are the time aver-
aged net force in the direction away from the  ultrasound   source [ 41 ].  Acoustic cavi-
tation   is the dynamic response of a gas and/or vapor cavity (i.e., a bubble) to an 
oscillating acoustic pressure amplitude [ 42 ]. However, bubble nucleation using 
ultrasound alone requires large pressure amplitudes [ 43 ]. In order to reduce the 
pressure amplitudes necessary for cavitation, cavitation nuclei are typically intro-
duced via intravenous injection, and take the form of either microbubbles, also 
known as  ultrasound contrast agents  , or  nanoscale cavitation nucleation agents   [ 44 , 
 45 ]. Occurrence of cavitation can be detected and monitored remotely through a 
technique known as  passive cavitation detection  , or  passive acoustic mapping  , 
whereby narrowband or broadband acoustic emissions arising from cavitating 
bubbles are remotely sensed [ 46 ,  47 ]. Acoustic  cavitation      has had signifi cant impact 
on ultrasound based  therapies [ 48 – 50 ] such as ultrasound-enhanced drug delivery, 
which is the focus of this chapter. 

  Fig. 1    Schematic of different mechanisms of ultrasound-mediated drug release, drug transport, 
and  sonoportation   from  ultrasound  -responsive  nanoparticles         
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 Non-inertial cavitation is the periodic oscillatory radial motion of a bubble, 
and is dependent on the size [ 51 ] and composition of the bubble [ 52 ]. This peri-
odic motion perturbs the surrounding fl uid over microsecond time scales, gener-
ating micro-streaming that results in convective transport of particles trapped in 
the currents [ 53 – 55 ], open up tight junctions between endothelial cells [ 56 ], dis-
rupt cell membranes [ 57 ], and induce intercellular and intracellular bioeffects 
[ 58 ,  59 ]. Inertial cavitation occurs when the peak negative pressure amplitude 
becomes large enough to cause the bubble to unstably grow, and subsequently 
collapse during the positive pressure phase due to the inertia of the surrounding 
liquid. During the collapse phase of the bubble, jets, bubble fragments, and other 
asymmetric bubble shapes are often formed. The  collapses      emit shock waves that 
are detectable as broadband signals [ 60 ], which are useful for imaging techniques, 
such as  passive acoustic mapping   [ 61 ,  62 ]. As the collapses themselves can be 
periodic [ 63 ], inertial cavitation is also capable of generating micostreaming, 
along with the associated convective mass transport and bioeffects. As a result, 
inertial cavitation is a key enabler and facilitator in drug delivery. 

 We now describe nanoparticulate strategies that exploit the thermal and cavitational 
effects of  ultrasound   for ultrasound-triggered release, enhanced transport into biological 
targets, or improved delivery of therapeutics across the cellular membrane.  

4      Ultrasound      Triggered Drug Release from Nanoparticles 

 Drugs contained within biocompatible materials (e.g., lipids and polymers) to 
make drug-loaded nanoparticles increase disease specifi city and reduce systemic 
 toxicity   of the encapsulated drug [ 64 – 67 ]. These drug delivery strategies are 
dependent on the size and composition of the drug-loaded nanoparticle [ 68 ]. 
However, it has also been shown that despite increased accumulation of drug-
loaded nanoparticles, there is no associated increase in drug delivery within the 
tumor even when attempts to normalize the tumor environment are made [ 12 , 
 69 ]. Without an external trigger to release the contents of the drug-loaded lipo-
some, there remains a diffusive barrier of the encapsulation that prevents the 
bioavailability of the drug. In order to overcome these barriers, there has been a 
quest to develop external triggers to spatially and temporally release drugs from 
these  nanoparticles  , in order to achieve reduced systemic toxicity, enhanced drug 
accumulation, and improved bioavailability. Here we look at several designs of 
nanoparticles that release their payload in the presence of  ultrasound        . 

4.1     Hyperthermia-Triggered Drug Release with  Ultrasound      

 One of the key attributes for a well-designed  drug delivery   vehicle is incorporating 
a means to trigger the release of its contents. Encapsulating strategies that degrade 
in the presence of elevated temperatures have thus attracted considerable effort 
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and interest. These  thermosensitive drug delivery   vehicles utilize heat-sensitive 
lyso- lipids, polymers, peptides, reactions, or a combination thereof in the shell of 
the vesicle (Fig.  2a ). Here, we give an overview of the recent advances in thermo-
sensitive drug delivery strategies that utilize ultrasound as the heat source.

   Early work on thermosensitive liposomes primarily relied on the phase transition 
of the encapsulating material. For example,  liposomes   comprised of a combination 
of lipids with acyl chain lengths between 16 and 18 carbons will result in a leaky 
membrane between 41 and 54 °C, the phase transition temperatures of the respec-
tive lipid [ 70 ,  71 ]. Such mild hyperthermia is easily achievable with an extracorpo-
real  ultrasound   device. However, the effectiveness of such liposomes is not evident 
until more severe degrees of hyperthermia (>45 °C). 

  Fig. 2    Schematics and application of different ultrasound-mediated mechanisms for drug release 
from liposomal  nanoparticles  . ( a ) A cartoon of thermally sensitive liposomes (TSL) is shown 
before and after  ultrasound   exposure. Snapshots of blood vessels that indicate extravasation of a 
chemotherapeutic from thermosensitive  liposomes   before and after exposure to ultrasound-induced 
hyperthermia indicate presence of drug [ 74 ]. Image adapted with permission. ( b ) The mechanism 
of drug release from cavitation sensitive liposomes (CSL) upon exposure to ultrasound. In the 
presence of cavitation localized in a tumor demonstrates enhanced luciferin expression [ 100 ]. 
Image adapted with permission. ( c ) Drug release from nanobubble liposomes (NBL) is shown. 
Xenografted tumors in the foot of a mouse treated with NBL is shown to have increased luciferin 
expressions upon exposure to  ultrasound   [ 134 ]. Image adapted with permission       
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 A key innovation towards  liposomal drug delivery   was the incorporation of 
temperature- sensitive  lyso-lipids   into the lipid bilayer shell [ 72 ]. These lyso-lipids 
begin to break down at temperatures around 39–40 °C, achieving maximum release 
at 41 °C [ 73 ]. A lyso-thermosensitive liposome (LTSL) formulation has been used 
to encapsulate doxorubicin [ 74 ] and is now in human trials under the trade name 
Thermodox (Celsion, USA) [ 75 ]. Subsequently, there has been continued work to 
develop other formulations [ 76 – 80 ] as well as demonstrate the capacity to trigger 
release from ultrasound-induced hyperthermia [ 81 ]. 

 Other researchers have successfully encapsulated other chemotherapeutics into a 
thermally sensitive  liposome  . For example, cisplatin (a potent therapeutic for solid 
tumor present in head and neck, genitourinary, and lung cancers) was encapsulated 
in a formulation comprised predominately of hydrogenated soybean  phosphatidyl-
choline      and cholesterol [ 82 ]. The addition of a polyethylene glycol lipid enabled the 
liposome to be shielded from the innate immune response [ 83 ]. Unfortunately, this 
particular formulation has shown poor  therapeutic   effi cacy despite the long circula-
tion time, which has been shown to preferentially accumulate in tumors that have 
leaky blood vessels [ 84 ,  85 ]. Schroeder et al. [ 86 ] showed that when exposed to low 
frequency  ultrasound   (20 kHz), the STEALTH liposomal cisplatin released their 
contents in an in vivo murine model. Though no temperature or cavitation measure-
ments were taken, Schroeder attributed their results to the large quantities of choles-
terol in the shell of the liposome. Researchers have also utilized this shell composition 
to encapsulate other chemotherapeutics, such as 5-fl uorouracil [ 87 ]. 

 Instead of using lyso-lipids for temperature sensitivity, other researchers have 
added thermosensitive polymers to encapsulate drugs [ 88 – 90 ]. One polymer in par-
ticular has garnered much attention owing to its sensitivity to temperatures around 
40 °C.   N -isopropylacrylamide (NIPAM)   is a polymer that undergoes a reversible 
phase transition between 32 and 40 °C, depending on the polymer chain length. This 
phase transition changes the hydrogel structure of NIPAM to a collapsed dehydrated 
state, losing up to 90 % of its initial volume. As a result, this polymer allows a 
change in the shell morphology, opening up pores, and allowing for drug release. 

 An alternative to changing the properties of the liposome shell for drug 
release is to instead generate bubbles from within the liposome. To do so, 
researchers have added ammonium bicarbonate to the liposomal core [ 91 ,  92 ]. 
This chemical decomposes to form ammonia, water, and carbon dioxide bubbles 
at temperatures above 36 °C. However, within the liposome, researchers have 
shown that the temperature sensitivity of the bubble generating liposome does 
not occur until temperatures above 40 °C. Once a carbon dioxide bubble is gen-
erated, the sudden expansion in volume disrupts the lipid membrane. This 
disruption opens pores within the  membrane or ruptures it entirely, releasing the 
payload. Furthermore, these bubbles can be imaged using  ultrasound  , giving a 
clear indication of delivery. 

 Another means of bubble generation from a heat source is the use of gases, such 
as perfl uorobutane and perfl uorpentane, which have relatively low boiling points. 
Researchers have shown that this bubble may be stored initially as a meta-stable 
liquid. Once a liquid droplet is formed, interfacial forces enable these chemicals to 
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remain as a  liquid      in elevated temperatures (such as those inside the body) [ 93 ,  94 ]. 
Heat from an ultrasound source is capable of temporarily disrupting this equilib-
rium, forcing the liquid to phase change into a gas. Because many of these gases are 
hydrophobic, researchers have dissolved hydrophobic drugs (such as many taxane- 
based chemotherapeutics [ 95 – 97 ]) into the nanodroplets. Upon ultrasound triggered 
phase-change, these droplets instantaneously release the  therapeutic   agents into the 
surrounding medium. 

 Though there are substantial advantages of triggered drug release from heat- 
sensitive  nanoparticles  , this technology suffers from the inability to monitor heat 
deposition. There are currently a limited number of techniques to noninvasively 
monitor temperature during treatment. The methods that are currently in use (MRI 
guided thermometry) are slow (i.e., not in real time) and expensive. Furthermore, 
current thermometry techniques are fairly inaccurate. Such inaccuracies may mean 
the difference between no-treatment and complete treatment. Thus the key challenge 
in heat-sensitive technologies lies not in the  nanoparticle   development, but instead 
with techniques to monitor the success of therapy in a safe and cost-effective way.  

4.2     Mechanically Triggered Drug Release with  Ultrasound   

 In order to avoid the imaging challenges presented by heat-based drug release thera-
pies, there has been a surge in the utilization of mechanical means to disrupt drugs 
encapsulated by lipids, peptides, or polymers because these can potentially be more 
readily monitored by ultrasound. The goal of stimulus-responsive drug carriers is to 
release a drug in the presence of an externally triggered event. Similar to the heat- 
sensitive liposomes discussed earlier, researchers have also developed a mechanical 
energy analogue that exploits inertial cavitation to rupture the lipid bilayer. 

 In order to create a lipid shell that is sensitive to cavitation shockwaves, research-
ers used a lipid that has the propensity to change its solid phase structure in the 
presence of shear forces. Distearoyl-sn-glycero-3-phosphatidylethanolamine 
(DSPE) forms a lamellar gel structure in ambient conditions [ 98 ,  99 ]. In the pres-
ence of a shockwave, the structure of the solid phase transitions from a gel to an 
inverted hexagon. This change in structure destabilized the lipid  bilayer  , allowing 
for an abrupt release of the encapsulated payload.  Cavitation-sensitive liposomes   
have recently been developed to break apart in the presence of a shockwave induced 
by inertially cavitating bubbles [ 100 ]. In the presence of artifi cial cavitation nuclei 
(in this case SonoVue microbubbles), these liposomes achieved close to 100 % 
release at peak rarefactional pressures on the order 1.5 MPa at 0.5 MHz. This 
represents a fraction of the pressure amplitude typically required to release thermo-
sensitive  liposomes   (>4 MPa at 1 MHz) and is an operating regime that is poten-
tially achievable by conventional diagnostic  ultrasound   scanners rather than highly 
specialized and expensive high intensity focused ultrasound systems. 

 Cavitation-sensitive liposomes require the proximity of artifi cial cavitation nuclei 
to generate the shockwave. These cavitation nuclei can range in size from as large as 
5 μm to as small as 200 nm [ 101 ], with both types of nuclei having successfully 
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demonstrated release As a result, the source of cavitation may have different phar-
macokinetics depending on the size of the cavitation nuclei. To avoid the need for 
secondary  nanoparticles  , researchers have developed echogenic liposomes. 

 Unlike cavitation sensitive liposomes, echogenic liposomes are hypothesized to 
house nanoscopic gas pockets in the hydrophobic layer, either in the lipid bilayer 
shell or a micelle within the liposome. Upon exposure the  ultrasound  , the nanobub-
bles reportedly cavitate and destroy the integrity of the shell. Once broken, the con-
tents of the liposome are released. Suzuki et al. [ 102 ,  103 ] successfully demonstrated 
improved luciferase coding plasmid DNA transfection to tumors from echogenic 
liposomes only in the presence of ultrasound. In addition to gene transfection, echo-
genic liposomes have also encapsulated tissue plasminogen activator in order to 
improve thrombolysis therapies [ 104 – 107 ]. Other hydrophilic and lipophilic  thera-
peutics   have also been encapsulated by echogenic liposomes [ 108 ]. 

 Others have reported a polymeric  nanobubble   with a coating of a gene-loaded 
micelle [ 109 ]. These nanobubbles are capable of scattering ultrasound similar to micro-
bubbles. These  nanobubbles   also demonstrated sustained acoustic response greater to 
that of gas-core liposomes. Moreover, in vivo survival studies with murine tumor mod-
els indicated that tumor volumes treated with  ultrasound   and gene-loaded polymeric 
nanobubbles were signifi cantly more effective at controlling or reversing tumor growth.   

5     Ultrasound-Enhanced Drug Transport from  Nanoparticles      

 One of the key limitations of many drug therapies is not only their nonspecifi city 
(which was addressed earlier), but also their inability to access tissue far beyond 
blood vessels. Such a challenge exists across all drug classes and has hindered the 
capacity to treat diseases, such as  neurological disorders   and  cancer  . To combat 
this challenge, many treatments rely on elevated drug doses that often come with 
severe side effects. This is perhaps best refl ected in cancer treatments whereby the 
tumor itself hinders the passage of drug beyond 20–50 μm from a blood vessel 
[ 12 ]. The stunted travel distance of even small drug molecules often results from 
the tumor physiology, despite the leaky vasculature of a tumor. Moreover, physi-
ological barriers, such as the tight junctions of the blood–brain barrier, preclude the 
use of nearly any drug administered simply by intravenous injection. It is therefore 
crucial that new generations of nanomedicines address this concern, and focus on 
methods to promote not only drug specifi city but also its distribution within the 
diseased tissue. 

 To address this challenge without surgical intervention, elevated drug doses, or 
resorting to palliative care, researchers have looked towards  ultrasound   as a modal-
ity to interact with deep tissue. As mentioned in the previous sections, we have 
shown that  nanoparticles   that respond to ultrasound have been implemented for 
site-specifi c drug release. Note that the methodologies to be discussed are applica-
ble to freely circulating drugs. This is an important distinction because the encap-
sulation of a drug presents a substantial regulatory and fi nancial challenge. 
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Moreover, we want to distinguish between cellular transport (i.e., sonoporation), 
which is discussed in another section, and transport to extravascular tissue. Below, 
we show the capacity and advantages for nanoparticles to enhance the transport of 
therapeutics into a targeted tissue beyond blood  vessels     . 

5.1     Improved Transport from  Ultrasound     -Induced 
Hyperthermia 

 There has been considerable effort in using ultrasound-induced hyperthermia to 
remotely trigger drug release from  nanoparticles   (as seen in our earlier section). 
Furthermore, there is evidence that hyperthermia itself enhances cell permeabil-
ity, improving the effi cacy of cellular drug transport [ 110 – 112 ]. It has been 
suggested that heat improves circulation in tissue with a dense microvasculature 
such as tumors, thereby improving local drug concentrations. However, recent 
work has demonstrated that hyperthermia does the opposite; blood-fl ow 
decreases due to the arteriolar–venular pressure gradient [ 113 ]. Thus, the exact 
mechanisms for enhanced transport of therapeutics from ultrasound-induced 
hyperthermia are still unclear. 

 Because the source of the heat is irrelevant, ultrasound provides a noninvasive 
means to locally increase temperatures in deep tissue, allowing for increased 
uptake of drugs such as monoclonal antibodies [ 112 ]. Beyond enhanced cellular 
uptake, it has been shown that hyperthermia from high-intensity focused  ultra-
sound   will disrupt the BBB, allowing easier passage of drugs into the brain [ 114 , 
 115 ]. However, in these studies it was diffi cult to delineate the extents to which 
cavitation or hyperthermia disrupted the endothelial tight junctions. More recently, 
others [ 116 ] have shown that mild hyperthermia from  ultrasound   opens up the 
tight junctions of the BBB, allowing for increased drug uptake into the brain. 

 As mentioned earlier, phase-change nanodroplets have shown great promise 
in localized  drug delivery   activated by  ultrasound  -induced hyperthermia. Chen 
et al. have shown that these nanodroplets are capable of separating the tight junc-
tions between the endothelial cells in the brain [ 117 ]. They demonstrated that 
there was preferential uptake of contrast agent into the brain following ultrasound 
exposure. Considering the benefi cial effect of hyperthermia alone, it is diffi cult to 
distinguish drug transport induced by nanodroplets from  hyperthermia      alone.  

5.2     Cavitation-Enhanced Transport of Small Molecular Drugs 
and Biologics with  Ultrasound   

 Perhaps one of the most established means to promote transport of a drug beyond 
blood vessels is  acoustic cavitation  . As mentioned earlier, cavitation is typically 
generated by cavitation nuclei co-injected with the  therapeutic  . Upon exposure to 
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ultrasound, cavitation nuclei experience large volume changes that generate 
microstreams and pump drugs into the tissue, as well as open up endothelial junc-
tions (Fig.  3 ) [ 118 ]. To date, these cavitation nuclei are typically of the micron 
size range and are primarily comprised of gas (i.e., a microbubble).

    Microbubbles   have long been established as the key cavitation agent used in bio-
medical technologies. However, many biomedical applications require submicron 
sizes and sustained cavitation response times. Microbubbles are suboptimal for these 
applications. As a result, there has been a surge in the development of  submicron cavi-
tation agents, such as  nanobubbles   and gas-stabilizing solid  nanoparticles  . 

5.2.1     Gas- Stabilizing   Solid  Nanoparticles   

 Another means to generate bubbles from nanoscale nuclei is to partially stabilize a 
bubble on the surface of a solid nanoparticle. Much like bubbles in a champagne 
fl ute, nucleation of bubbles from solid surfaces requires defects (such as cracks and 
crevices on glass) that entrap gas. For bubbles on microparticles, these surface sta-
bilized bubbles rapidly expand and detach from the surface when exposed to shock-
waves. The expulsed bubble pushes the microparticle away, actively propelling it 
away from the cavitation site. This phenomenon has been well established on 
micron size particles, but there has been limited number of studies for gas- stabilizing 
 nanoparticles  , especially in the context of  drug delivery  . 

  Fig. 3    ( a ) A cartoon of mechanical deformation and transport of a  therapeutic   beyond a microves-
sel from a cavitating bubble. Both vessel deformation and shear-induced permeability are shown 
( b ) A microbubble inducing microbubble expansion and invagination as a direct result of cavita-
tion in an ex vivo microvessel [ 118 ]. Image adapted with permission. The scale bar represents 
50 μm. ( c )  Fluorescent microscopy   images of a tumor treated with a co-injection of gas-stabilizing 
solid  nanoparticles   and a fl uorescent antibody demonstrates the effect of  ultrasound   on drug- 
extravasation. Without ultrasound, antibody is co-localized with the blood vessel [ 45 ]. Image 
adapted with permission.  Blue, red , and  green  represents the cancer cells, blood vessels, and anti-
body respectively       
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 Creating surface defects on  nanoparticles   capable of trapping gas is an immense 
challenge. Borkent et al. [ 119 ] have shown that a single well-defi ned cavity is able 
to trap a  nanobubble  . Upon exposure to a shockwave, the bubbles trapped within 
these nanopits expanded and detached from the cavity. However, surfaces such as 
those are impractical for  drug delivery   applications. Single “cup” shaped cavities 
that trap gas are nevertheless possible on nanoparticles [ 45 ]. Moreover, the cavities 
on these “nanocups” are tuneable [ 120 ]. Much like the nanopits on the surfaces 
presented by Borkent et al. [ 119 ], these  nanocups   are able to eject a cavitating bub-
ble from their cavity. Once ejected, these cavitation bubbles rapidly expand and 
collapse, emitting a broadband signal indicative of inertial cavitation. The inertially 
cavitating bubble has been shown to promote drug delivery in both in vivo and 
in vitro experiments [ 45 ]. Because these particles exclusively emit broadband emis-
sions, they are detectable with diagnostic  ultrasound   probes. 

 Others have also developed  gas-stabilizing nanoparticles  . In contrast to the nan-
ocups, these nanoparticles contain gas within the pores of the nanoparticles. When 
exposed to ultrasound, gas from within the pores extends out, nucleating a cavitat-
ing bubble. Studies have shown that such cavitating bubbles are capable for diag-
nostic ultrasound [ 121 ]. However, there has not been any study that has evaluated 
the ability for these  nanoparticles   to promote drug transport. 

 In principle, these nanoparticles simply provide a source of  nanobubbles  . It is 
these bubbles that provide the means by which a circulating therapeutic extrava-
sates beyond the blood vessel. The mechanism of action for enhanced extravasation 
is mechanical in nature, and as such is drug-class-agnostic. As a result, the key 
advantage of cavitation, inducing solid  nanoparticles  , is their capacity to promote 
the effectiveness of therapies across several clinical indications without the need to 
modify existing drugs.    

6      Sonoporation   

 Gene therapies require the delivery of genes to the nucleus of the cell. However, 
there are substantial challenges in promoting cellular uptake of these genes. 
Sonoporation, therefore, is the use of  ultrasound   to temporarily permeate the cell 
membrane wall, allowing nucleic acid polymers (DNA, RNA, siRNA, etc.) to enter 
the cytoplasm. 

 Mechanistically speaking, sonoporation occurs from cavitation [ 122 ,  123 ]. 
Cavitating bubbles, as we discussed earlier, enable highly localized shear forces 
with shear rates on the 10 7  s -1  [ 124 ]. Such shear rates near the cell wall force the cell 
membrane to temporarily open. Alternatively, shock waves generated by collapsing 
bubbles are also capable of disrupting the cell membrane wall. In addition to shock 
waves,  jets   formed by an inertial cavitation bubble [ 125 ] have also been shown to 
temporarily form pores on the surfaces of cells [ 126 ,  127 ]. These temporary open-
ings in conjunction with the enhanced transport associated with cavitation results in 
an effective means to transfect diseased cells. 
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6.1     Sonoporation from  Ultrasound         Induced Hyperthermia 

 Earlier in sections 4 and 5, we discussed the use of phase-change nanodroplets for 
both drug release and drug transport. It is therefore not surprising that these nano-
droplets have also been used for gene delivery. For example, Burgess and Porter 
[ 128 ] demonstrated successful transfection of cancer cells. To do so, they utilized a 
green fl uorescent protein expressing siRNA freely suspended with phase-change 
nanodroplets. Expression of GFP only occurred in the presence of high intensity 
focused ultrasound (5 MHz center frequency at 6.2 MPa). Others were able to bind 
DNA to phase-change droplets. Upon exposure to ultrasound and DNA bound to 
phase-change droplets, Gao et al. [ 129 ] demonstrated a substantial increase in trans-
fection of HepG2 cells. 

 Other temperature-sensitive materials (such as poly-NIPAM) have also 
shown promise for gene therapy [ 130 ]. However, there have been few (if any) 
studies that have manufactured  nanoparticles   with these materials and applied 
 ultrasound   induced hyperthermia for cell  transfection        .  

6.2     Mechanically Induced Sonoporation by  Ultrasound  - 
Mediated  Cavitation   

 A more direct route to permeate the cell membrane is to utilize the innate mechani-
cal responses of pre-formed bubbles (Fig.  4 ). As of late there has been a surge of 
interest in the development of nanobubbles. These  nanobubbles   either exist as a 
stand-alone gas bubble with various coatings [ 131 ,  132 ] or are encapsulated within 
a hydrophobic shell or are contained within a  liposome   [ 133 ]. In our earlier 

  Fig. 4    A diagram of different mechanisms by which a cavitation bubble from an  ultrasound  - 
responsive  nanoparticle   can enhance permeation of a cell membrane and promote gene transfec-
tion is shown through ( a ) inertial cavitation, ( b ) microstreaming and micropumping, ( c ) membrane 
deformations, and ( d ) bubble translation as a result of acoustic radiation force       
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sections, we discussed the benefi t of several of these nanobubble constructs for 
 ultrasound  -mediated drug release. Here we focus on their capacity to also promote 
cell transfection.

   As already discussed, hydrophobic gases have been shown to preferentially reside 
in the hydrophobic regions of a lipid bilayer encapsulation or within a liposome 
encapsulation. Upon exposure to ultrasound, researchers have shown that the radial 
oscillations of the nanobubble will disrupt the lipid membrane, thereby releasing its 
payload. Thus, these echogenic liposomes have shown great promise in drug release. 
Beyond their capacity to release drugs, the cavitating nanobubbles also generate 
mechanical forces that affect the surrounding medium. For example, echogenic lipo-
somes have been shown to improve gene transfection into cancer cells in a tumor, 
which requires the permeation of the cell membrane [ 102 ,  134 – 136 ].   

7     Conclusion 

 In this chapter, we review the use of  ultrasound  -responsive  nanoparticles  , which 
cause either thermal or mechanical effects, to address the key clinical challenges of 
current drug therapies, and in particular (1) the triggered release of a drug from a 
nanoparticle, (2) the extravasation and enhanced transport of a free or recently 
released drug to diseased tissue, and (3) the enhanced cellular uptake of a gene 
therapy or other pharmacological agent. 

 There has been a substantial amount of work to demonstrate the effectiveness of 
thermally sensitive liposomes, polymer nanocapsules, and phase-change nanodrop-
lets. Thus, we concluded that this technology has had and will continue to have a 
major impact in drug therapies, as further indicated by current clinical trials. In 
contrast, mechanical release via cavitation of therapeutics from  nanoparticles   
remains a relatively young technology. However, there is much interest in further 
developing it due to its cost-effectiveness and ability to deliver and monitor the 
treatment using low-cost, quasi-diagnostic ultrasound systems. 

 Historically, micron-sized  ultrasound   contrast agents have been used to transport 
 therapeutics   beyond circulation and into tissue. However, there has been a recent 
surge of interest in utilizing  ultrasound  -responsive  nanoparticles   to overcome many 
limitations present with these microparticles, including poor circulation, rapid 
depletion during ultrasound exposure and an inability to extravasate into tumor tis-
sue. Yet, these technologies are still in their infancy as indicated by the literature. 
Currently, only thermally activated nanodroplets and mechanically driven nanocups 
have been put forward to specifi cally address the challenges related to drug trans-
port. That being said, we believe that research on ultrasound-responsive nanoparti-
cles for drug transport will increase substantially. 

 Much like drug transport, there are few instances of using  ultrasound  -responsive 
nanoparticles for sonoporation. Thermally activated phase-change nanodroplets 
have demonstrated promise in transfecting cells with siRNA, but this work has not 
been conducted with in vivo models to date. Gene-carrying  nanobubbles   have 
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shown that the cavitation generated from submicron gas particles is capable of tem-
porarily perforating the cell membrane in both in vitro and in vivo models. It is clear 
that the use of ultrasound-responsive nanoparticles for sonoporation is still in its 
early stages, and thus there are many opportunities that still remain. 

 Unlike triggered release strategies from encapsulating  nanoparticles  , the 
 ultrasound  - enhanced delivery strategies presented in this chapter are ultimately 
drug-class-agnostic and rely on broadly applicable thermal and mechanical effects, 
which can be applied to free therapeutic macromolecules without modifi cation. 
This portability across drug classes and clinical indications represents one of the 
major advantages of nanoparticle-enhanced ultrasound-mediated delivery, and 
could in future achieve the greatest impact in increasing the effi cacy of current and 
emerging drug therapies.     
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      Nanoparticles for Ultrasound-Guided Imaging 
of Cell Implantation                     

     James     Hartanto     and     Jesse     V.     Jokerst    

1            Stem Cell Therapy   

 Stem cell therapy is established for many  regenerative medicine   applications and 
has shown remarkable impact in treating disease.  Stem cell therapy   is part of a 
larger component of medicine known as regenerative medicine. While the exact 
defi nition of regenerative medicine continues to evolve [ 1 ], one defi nition is that it 
creates living, functional tissues to repair or replace tissue or organ function lost due 
to age, disease, damage, or congenital defects [ 2 ,  3 ]. Cell-based therapies are par-
ticularly attractive because cells are the basic building block of tissue and can create 
functional tissue when added in suffi cient numbers.  Cell-based therapy   often deliv-
ers cells directly to the site of disease, which can provide much greater effi cacy than 
therapeutics that are delivered intravenously. Finally, stem cells can be directed into 
diverse lineages that are in turn tailored to specifi c diseases. 

 Cell-based therapy has been used for many applications in  regenerative medi-
cine  . Examples include increasing the volume of  blood   being pumped by the left 
ventricle after myocardial infarction [ 4 ,  5 ], increasing the strength of muscles and 
the size of muscles in muscular dystrophy patients [ 6 ,  7 ], and decreasing joint pain 
in arthritis [ 8 ]. Other groups have shown that cells and tissues can be grown on sup-
port scaffolds to create entire new bulk pieces of tissue including the larynx and 
cornea [ 9 ].  Stem cell therapy   has been described with many diverse starting materi-
als including mesenchymal stem cells, embryonic stem cells, induced pluripotent 
stem cells, and adipose-derived stem cells [ 10 ]. Before, during, and after delivery of 
cells, researchers, physicians, and patients may have many questions about the fate 
of the cells including the following: (1) Are the cells alive? (2) What proteins are the 
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cells expressing? (3) Where are the cells located? (4) How are the cells interacting 
with the surrounding tissue? (5) How has the cells’ biochemical signature changed 
after delivery? 

 In vivo imaging is ideally suited to answer these questions because it can be done 
serially in real time, is noninvasive, and can often be carried out with high temporal 
and spatial resolution. The repeat nature of imaging is particularly important in stem 
cell therapy because the repair is a dynamic process and it is important to frequently 
assess the status of the therapy. Alternative techniques that do not use imaging such 
as biopsy are more diffi cult to do repeatedly over time. While no single imaging 
approach can yet answer all of the above questions, signifi cant advances have been 
made—particularly in understanding the cell  number  , viability, and location. 

1.1     General Approaches for Imaging in  Stem Cell Therapy   

 There are two main approaches to stem cell imaging—direct and indirect (Fig.  1 ) 
[ 11 ]. Indirect imaging involves adding a reporter gene to the stem cell to produce a 
receptor, enzyme, or fl uorescent/bioluminescent protein to create contrast and 

  Fig. 1    Approaches to labeling  stem cells  . Panel  a  shows direct imaging in which an exogenous mate-
rial is placed inside a cell. The cells are then purifi ed and implanted into an animal. Over time, the 
amount of contrast agent per cells decreases as the cells divide. In contrast, in indirect imaging ( b ), a 
reporter gene is placed inside the cell. These reporter genes either produce a label or affect an injected 
substrate that increases contrast in the cells of interest. Because the reporter gene is an inherent part of 
the cells’ biology, this reporter is passed to all progeny with no dilution effects. However, a substrate 
has to be repeatedly injected for each imaging event. Reproduced with permission from Ref. [ 12 ]       
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report the cells’ location, number, etc. These gene products can produce signal 
directly such as green fl uorescent protein in optical imaging or can produce a sec-
ondary reaction with an exogenous label introduced at the time of imaging. For 
example, the herpes simplex virus type 1 thymidine kinase (HSV1-tk) can selec-
tively phosphorylate substrates that are tagged for imaging with positron emission 
tomography (PET). This phosphorylation causes selective probe accumulation only 
in cells that carry the reporter gene, and thus stem cells can be imaged because of 
the increased levels of this reporter. The luciferase/luciferin reaction in biolumines-
cent imaging is another example of the need to inject a substrate. The advantages of 
indirect imaging are that the daughter cells normally receive a copy of the reporter 
gene and thus the signal is “on” only when the cell is viable. The disadvantage is 
that this requires reprogramming of the cells’ genome—something that is very 
diffi cult to clinically translate. Thus, the majority of  regenerative medicine   work 
reported in humans has used direct labels.

 Cell-Based Therapy in  History   
 Some of the fi rst reported instances of cell-based therapy were done to coun-
teract the aging process. The French physician Charles-Édouard Brown- 
Séquard was known to inject pulverized animal testicles into human subjects. 
Unfortunately, little long-term impact was ever noted. In 1931 Dr. Paul 
Niehans treated an athymic patient with cells from a bovine thyroid. Although 
these therapies were also failures because of immune differences between 
species, his work was visionary, and he described “a method of treating the 
whole organism on a biological basis, capable of revitalizing the human 
organism with trillions of cells by bringing to it those embryonic or young 
cells which it needs.” During the 1950s and 1960s bone marrow transplanta-
tion became increasingly sophisticated and matured from grafts between 
identical twins to grafts between siblings as the knowledge about graft- versus- 
host disease increased. The fi rst transplant between unrelated persons was in 
1973, which led in time to the transplantation of entire organs. The current 
state of the art is   stem cell  therapy  , which uses cells capable of diverse lin-
eages to repair tissue. 

    In direct labeling,  cells   are tagged with small  molecules   including radioisotopes, 
fl uorophores, and nanoparticles. These can be added during expansion in tissue 
culture or immediately before injection. Transfection reagents may be used to 
increase the effi ciency of label uptake. The labels can either be on the cell surface 
or inside the cell. One advantage of intracellular labeling is that there is a reduced 
chance of the label becoming disassociated from the cell and contributing to artifi -
cially high background or erroneous signal. 

  Direct labeling   is attractive because it is simple and straightforward to control 
the dose of contrast with short processing times [ 12 ]. The major limitations are 
dilution of the concentration of contrast with successive cell division—that is, each 
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daughter cell only has 50 % of the amount of label as the parent cell (Fig.  1 ). In 
addition, these labels are usually “always on.” They will report the presence of cells 
even if the cells are dead. These direct labels can also be taken up by macrophages 
after cells have died, which can also contribute to inaccurate cell counts. 

 Common examples include lipophilic fl uorophores for optical imaging and (car-
boxy)dextran-coated super paramagnetic iron oxide (SPIO)  nanoparticles   such as 
Feridex ®  and Resovist ®  for MRI [ 13 ]. While cell loading is traditionally done 
ex vivo, one interesting report showed that i.v.-injected SPIO nanoparticles can 
accumulate in the bone marrow and label stem cells in the bone marrow in vivo 
through the reticuloendothelial system [ 14 ]. Fluorescent dyes have value in small 
animal models, but humans have too much optical scatter for direct optical labels. 
Radionuclides include fl uorodeoxyglucose ( 18 F-FDG) in PET and  111 In oxine for 
single-photon emission computed tomography (SPECT), but one limitation of 
nuclear imaging methods is that the  radioisotope   decays over time making it diffi -
cult to perform longitudinal scans using radionuclides. More detailed descriptions 
of direct labels can be found elsewhere [ 15 ]. 

 One area of imaging that has been signifi cantly overlooked for cell tracking is 
 ultrasound  , which is somewhat surprising because ultrasound offers good temporal 
resolution and is widely available—features congruous with the needs of the  stem 
cell   imager. The balance of this chapter focuses on the use of ultrasound in stem cell 
tracking and describes the basis of contrast in ultrasound imaging as well as the 
types of ultrasound labels, examples of direct and indirect labeling with ultrasound, 
and some perspectives on future growth in the fi eld.   

2     The Rationale for  Ultrasound   Imaging 

 Ultrasound imaging offers many advantages that are useful to studying  stem cell 
therapy  . First, ultrasound is very accessible and affordable. It is by far the most com-
mon piece of imaging equipment worldwide from small rural clinics to major 
research university hospitals. Second, ultrasound offers spatial resolution advan-
tages (~50 μm) that are useful to identify subtle differences in treated tissue. Third, 
ultrasound offers excellent temporal resolution (up to 1000 frames per second)—
this is critical for instantaneous knowledge of the cell location and the cell number. 
Fourth, ultrasound data can be quantitative, which is critical for identifying not only 
the presence of the cells, but also their number. Fifth, ultrasound offers a broad 
portfolio of complementary imaging sequences that can be used to enhance the cell 
data. That is, the ultrasound can collect imaging data about the surrounding anat-
omy and tissue behavior that complements the functional information from the 
cells. This includes  motion mode (M-mode)   imaging that studies repetitive motion 
such as the heart chamber [ 16 ],  Doppler imaging   which monitors the direction of 
movement [ 17 ], and various quantifi cation schemes that can be used to estimate 
organ size or cardiac behavior including the left ventricle ejection fraction [ 18 ]. 
However, ultrasound images can also be very diffi cult to interpret due to the high 
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background noise and/or complicated acoustic properties of different tissues. This 
is especially problematic in stem cell imaging—thus, it is critical to use either a 
direct or an indirect imaging technique to increase the cell-specifi c contrast. 

 The features of  ultrasound   and a comparison to other techniques used for  stem 
cell   tracking are shown in Fig.  2 .  Ultrasound   is particularly powerful because of its 
high temporal resolution. This allows nearly instantaneous readout of the features of 
interest including the cell location and cell number. On the  y -axis in Fig.  2 , we plot 
the spatial resolution—how fi ne of an image can be created or the smallest distance 
between two objects that can be resolved. In  ultrasound   the spatial resolution is a 
function of the frequency used to create the images. At 70–100 MHz, the resolution 
can be as high as tens of micrometers, while at clinical frequencies (2–10 MHz), the 
spatial resolution is much lower—hundreds of microns to millimeters. As a trade- 
off, lower frequencies do offer better penetration through tissue—clinical frequen-
cies can easily penetrate up to 25 cm into human beings depending on the tissue 
type, while higher preclinical frequencies (used in rodent models of human disease) 
are often limited to 2–3 cm of tissue. Importantly, the temporal resolution (frames 
per second) does not change as a function of frequency.

2.1       Ultrasound Mechanism and Types of  Ultrasound   

 Ultrasound imaging in vivo is not entirely different than the approach used by bats 
to “see in the dark.” Ultrasound imaging uses a tool called a  transducer   (Fig.  3a ). 
The transducer is simply a tool that both emits and receives ultrasound pressure 
waves. As the emitted sound wave passes through tissue it is scattered and refl ected 
(echoed) back to the transducer. The image is created by interpreting the backscattered 
sound and direction of sound as well as the speed of sound, the time of emission, the 

  Fig. 2    Performance 
features of various imaging 
modalities. The temporal 
resolution (time between 
images) and spatial 
resolution (distance 
between points that can be 
distinguished) are plotted 
for different imaging 
modalities.  Ultrasound   
offers good temporal and 
spatial resolution       
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time of arrival back at the transducer, and the angle of return. The reconstructed 
image thus reports the distance to the object, the size of the object, and its density 
(or impedance mismatch with the surrounding tissue). Most ultrasound images are 
two dimensions, but 3D ultrasound is possible by moving the transducer over the 
surface to be imaged (like a panorama shot on a mobile phone camera). Ultrasound 
can also be done in  Doppler   mode in which changes in the sound wave’s pitch and 
phase are used to gain even more information. This is analogous to the sound differ-
ences when a siren is moving towards you and away from you. This can be used to 
determine blood fl ow or study other movement events inside the body.

   In addition to  Doppler    ultrasound  , photoacoustic ultrasound is another important 
subtype of ultrasound imaging. In the photoacoustic effect ultrasound waves are 
created due to incident light pulses on the tissue (Fig.  3b ). That is, regular ultra-
sound is “sound in—sound out,” and photoacoustic imaging is “light in—sound 
out.” Alexander Graham Bell originally described the photoacoustic  effect  , but it 
has not been until recent years that people have used it for imaging because the 
transducers have become more sensitive and lasers have been developed with very 
short pulse lengths. 

 The mechanism is based on optical absorption—when the light is absorbed by 
the target tissue, the target heats, and swells. This thermal expansion then generates 
pressure waves that can be detected acoustically. The fundamental advantage of 
 photoacoustic imaging   is that it combines the high temporal and spatial resolution 
of  ultrasound   with the good contrast and spectral nature of optical imaging. 
Photoacoustic imaging can use both exogenous absorbers such as hemoglobin, 
deoxyhemoglobin, and melanin or artifi cial contrast agents targeted to site of inter-
est or a cell of interest. 

  Fig. 3     Ultrasound   mechanism. The mechanism of contrast in ultrasound. Traditional B-mode 
imaging ( a ) uses backscattered pressure waves to generate contrast. In  photoacoustic imaging   ( b ), 
an incident light is absorbed by the target tissue. Once absorbed the target heats and swells creating 
pressure differences that can be detected acoustically       
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 A third type of ultrasound imaging is contrast-enhanced ultrasound. This uses 
an exogenous agent such as a perfl uorocarbon microbubble to artifi cially increase 
the ultrasound signal at the site of interest. Contrast-enhanced ultrasound can 
move beyond the anatomical images that are created with traditional imaging 
(bone, muscle, etc.) to imaging protein expression levels or specifi c stem cell 
types. In the following section, we discuss some of the types of ultrasound con-
trast agents used as well as their applications in  stem cell therapy  . Because of the 
performance features of ultrasound it is somewhat surprising that there are rela-
tively few reports of this technology in the literature. We will present these case 
studies in chronological order and highlight various examples of direct and indi-
rect imaging via  ultrasound  .  

2.2     Ultrasound Imaging of  Cardiac Stem Cell Therapy         

 Heart disease is the most common cause of death in the developed world. Stem cell 
therapy has shown encouraging initial results in treating heart disease [ 4 ], and yet is 
plagued by poor long-term effi cacy because of poor cell viability after implantation 
[ 5 ,  19 ]. This is attributed to two fundamental challenges—(1) ischemia and infl am-
mation in the treated area [ 19 ], and (2) mis-injection or implant into highly fi brotic 
tissue [ 20 ,  21 ]. Because of these barriers, one example showed that fewer than 2 % 
of implanted dendritic  cells      remain viable after 4–8 weeks [ 21 ] with cells mis- 
injected in 50 % of patients [ 22 ]. Ultrasound is ideally suited to solve these chal-
lenges with poor delivery. Physicians already use ultrasound to image the catheter 
used for delivery of cells into the cardiac tissue, but the cells have a low impedance 
mismatch with the surrounding tissue and thus have low contrast. 

  Ultrasound   is particularly attractive in cardiac  stem cell therapy   of the heart 
because it can be combined with the established use of echocardiography. 
 Echocardiography   is also known as a “cardiac echo” or just an “echo,” and it is 
used in the diagnosis and prevention of disease. Output parameters from echocar-
diography include the size and the shape of the ventricles and the left ventricle 
ejection fraction, which allows physicians to see how the heart chambers work in 
synchrony. This can be complemented by Doppler imaging to understand blood 
fl ow rates and directions. 

 In 2005, Rodriguez-Porcel and coworkers showed that ultrasound has funda-
mental utility in stem cell  therapy   [ 20 ]. Whereas prior work up to this point had 
performed open chest injection into the cardiac muscle, this study used ultrasound 
guidance in the parasternal long-axis view to deliver cells with a 28-gauge catheter. 
The cells were stably transfected cardiomyoblasts (plasmid–cytomegalovirus–fi re-
fl y luciferase), and the target site was the anterior cardiac wall. The advantage of 
this approach is that the surgery is much less invasive and the surgeon can see the 
location of the catheter in real time. These researchers performed this work in 11 
rats and then confi rmed cell delivery with the bioluminescence reporter embedded 
in the cells. The bioluminescent signal was positively correlated with the number of 
cells transplanted ( R  2  = 0.94,  P  = 0.03). 
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 One limitation of this work was the poor  ultrasound   signal from the cells. That is, 
the investigators could only know the location and number of the  cells      with down-
stream analysis via bioluminescence. Thus, in 2006 Bara and colleagues [ 23 ] used 
ultrasound not only to image the injection but also to image the cells (Fig.  4 ) [ 23 ]. Here, 
cells were labeled with a clinically approved formulation of iron oxide (CliniMACS). 
These materials are used for magnetic based cell separation and consisted of a 50 nm 
iron oxide core coated with a dextran shell that is fi nally annealed to a monoclonal 
antibody specifi c to the target of interest. The authors selected CD133 because it is a 
marker of  hematopoietic   stem cells. After purifying CD133+ stem cells from bone mar-
row aspirates, cell identify and purity were confi rmed with CD34 fl ow cytometry.

   These cells were delivered to  swine models         of human ischemia created via liga-
tion/reperfusion [ 24 ]. The swine received either stem cells (5 million) or a sham 
injection of saline. Imaging used transesophageal  echocardiography  , which is a 
specialized type of ultrasound imaging that places a transducer in the throat of the 
subject to increase resolution versus  ultrasound   imaging via the chest wall. 
Figure  4  presents data including cells without any label (Fig.  4a ), the ClinicMACS 
particles alone (Fig.  4b ), as well as an animal before (Fig.  4c ) and after treatment 

  Fig. 4    Direct imaging with magnetic particles.  Swine   hearts are imaged at various stages of  stem 
cell therapy  . In each image, the dark oval in the center is the left ventricle. Note the clear boundary 
between the interior and exterior of the heart wall in  c  (between  red  and  green arrows ). Panel  a  
shows injection of unlabeled cells in the area highlighted with red circle. Little signal increase is 
seen. When the  nanoparticle   contrast agent alone is injected, hyperechoic regions are seen ( b ). 
Panels  c  and  d  are pre- ( c ) and post- ( d ) injection images of animals treated with fi ve million 
nanoparticle-labeled stem cells. Reproduced with permission from Ref. [ 25 ]       
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with labeled cells (Fig.  4d ). The hypoechoic (bright) areas in Fig.  4b, d  correspond 
to the increased sound backscatter due to the particles. The authors showed that 
the labeled cells had more signal than unlabeled cells but had challenges with 
long-term cell tracking. They concluded that this technique was perhaps best 
suited for the delivery event and that a complementary technique might be supe-
rior for long-term tracking. 

 In 2013, Jokerst et al. extended this to multimodal imaging with MRI and  ultra-
sound  . In contrast to the magnetic  nanoparticles   used by Bara [ 23 ], this group used 
silica nanoparticles as ultrasound contrast agents [ 25 ,  26 ]. These have a key advan-
tage in that the nanoparticles can be loaded  inside  the stem cells whereas the mag-
netic particles were on the cell  exterior . This is important because contrast agents 
on the cell exterior can easily become detached in vivo and lead to erroneous signal. 
The  silica nanoparticles   are also triple-modality agents—ultrasound signal is gener-
ated via impedance mismatch of the silica, optical imaging is enabled by an embed-
ded fl uorophore, and T1-weighted imaging is possible via chelated gadolinium 
(Fig.  5 ) [ 27 ].  Stem cells   could then be labeled with these materials for both instant 
imaging at the time of delivery via ultrasound and long-term follow-up with MRI.

  Fig. 5    Direct imaging with  nanoparticles  .  Ultrasound   ( a ) and MRI ( b ) images were collected 
before injection of 500,000 human mesenchymal  stem cells   in a rodent model. After injection, the 
animals were imaged again with obvious increases in signal indicating the presence of the cells on 
ultrasound ( c ) and MRI ( d ). Reproduced with permission from Ref. [ 29 ]       
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   Once labeled, the  nanoparticles   increased the ultrasound and MRI contrast of 
labeled human mesenchymal stem cells 700 % and 200 %, respectively. The authors 
investigated the behavior of the agent on cell metabolic activity, proliferation, or plu-
ripotency, but did not fi nd any signifi cant change. Electron microscopy and  ultrasound   
imaging suggest that the mechanism of action is in vivo aggregation of the 300 nm 
 silica nanoparticles   into larger silica  frameworks      that amplify the ultrasound backscat-
ter. Detection limits in cardiac tissue were 250,000 cells via MRI and 70,000 via 
ultrasound with cell imaging possible in animal models for 13 days after implantation 
(Fig.  5 ). This ultrasound- guided   cell delivery and multimodal optical/ultrasound/MRI 
intracardiac cell-tracking platform could improve cell therapy in the clinic by mini-
mizing mis-delivery or implantation into fi brotic  tissue  . Moreover, these materials 
were compatible with both preclinical and clinical  ultrasound   frequencies. 

 More recently, this same group has extended this work and developed  ultrasound   
contrast agents that can not only produce ultrasound signal, but can also deliver pro- 
survival agents to increase stem cell survival and then biodegrade after the delivery 
and imaging tasks are complete. This was performed largely by transitioning from 
solid nanoparticles to  mesoporous silica nanoparticles (MSNs)   [ 28 ]. The MSNs still 
have an impedance mismatch between tissue and the silica particles, but also offer a 
high surface area (~1000 m 2 /g) suitable for sustained release of drug [ 29 ,  30 ]. MSNs 
offer sustained release of  insulin-like growth factor (IGF)   in close proximity to cells 
at high local concentrations. They also allow imaging through multimodal 
approaches, which include MRI, optical, and ultrasound. Therefore, this approach 
allows IGF to be delivered to the cell surface membrane where the IGF receptors are 
located—this stimulates cell growth in the hypoxic and necrotic region of therapy. 

 Mesenchymal stem cells labeled with these  nanoparticles   had detection limits 
near 9000 cells with no cytotoxicity at the 250 μg/mL concentration required for 
labeling. Degradation studies showed that the nanoparticles clear from cells in 
approximately 3 weeks. The presence of  IGF   increased cell survival up to 40 % 
( P  < 0.05) versus unlabeled cells under in vitro serum-free culture conditions. The 
degradation time is important because  MSNs   have to be stable for imaging, but not 
so stable that they never clear from the body. One limitation of this approach is that 
it is not a true marker of cell viability. It continuously produces a signal whether the 
cell is alive or not. This problem could be counteracted by conducting further stud-
ies utilizing a reporter  gene         [ 31 ].  

2.3      Ultrasound      Tracking of Neural Progenitor Cells 

 Another method that can allow the utilization of ultrasound for cell tracking is by 
introducing microbubbles into  neural progenitor cells (NPCs)  . Modifi ed NPCs have 
previously been proposed as a way to treat genetic disorders or to target tumors, 
infarction, or infl ammation due to their ability to disperse bioactive molecules 
[ 32 – 34 ]. In 2013, Wenjin Cui and coworkers reported that ultrasound  microbubbles   
could be used as a means to track NPCs in vivo [ 35 ]. 
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 The authors labeled the cells using positively charged perfl uorocarbon micro-
bubbles and the negatively charged cell membrane. Transfection effi ciency and cell 
viability were both greater than 90 %. Detection limits down to a single cell at 7 MHz 
were possible. The microbubble-labeled NPCs were also more resistant to  ultra-
sound   exposure showing that these were still detectable on day 7 versus the hours of 
in vivo stability for intravenously injected microbubbles. These results were due to 
the microbubbles associating themselves with the cell surfaces and being internal-
ized. Yet the internalized microbubbles could still behave nonlinearly in ultrasound, 
produce harmonic signals, and be destroyed but at a higher pressure than free micro-
bubbles. The ability to detect a single cell using microbubble-labeled cells and ultra-
sound is advantageous when compared to current proposed in vivo cell tracking 
techniques (PET and bioluminescence), which usually require thousands of cells. 

 One limitation of this study was that there might have been a loss of signal 
in vivo due to possible cell migration out of the liver. The team carried out tests to 
monitor the accumulation after intravenous injection in the livers of mice. Eight 
mice were injected with the microbubble-labeled NPCs. Four were injected with the 
free microbubbles. The microbubble-labeled  NPCs   were still visible at day 5, but 
the free  microbubbles   were gone by 8 h. The NPCs may have leaked to other areas 
leading to the decay of signal. This cannot be completely confi rmed because the 
authors only studied the liver. Some microbubbles may have been released upon cell 
death. Nevertheless, this long lifetime is very useful for both real-time  imaging      of 
implantation and longitudinal stem cell tracking.  

2.4     Indirect Imaging with  Ultrasound   

 All of the above examples use direct imaging—that is, a  nanoparticle   or  microbub-
ble   directly bound to the stem cell. However, indirect imaging offers many advan-
tages including true representation of cell viability. One exciting report of an 
ultrasound reporter genes [ 36 ] used biogenic gas vesicles. These vesicles help bac-
teria maintain their proper depth in water for photosynthesis. Researchers isolated 
the genes responsible for these vesicles and loaded them into cells. These materials 
are protein-shelled compartments with typical widths of 45–250 nm and lengths of 
100–600 nm. They exclude water but are gas permeable. 

 There are very few applications of indirect  ultrasound   imaging in  regenerative 
medicine  . One report in 2009 by Kuliszewski and coworkers described a method to 
utilize ultrasound for indirect cell imaging in vivo (Fig.  6 ) [ 37 ]. Here, cells were 
programmed to make a specifi c cell surface protein H-2Kk. Then microbubbles 
targeted to this protein were injected intravenously. Because the cell surface protein 
was only on the stem cells, specifi c signal could be obtained. The  stem cells   used 
in this application were  endothelial progenitor cells (EPCs)  , and Kuliszewski 
hypothesized that the targeted microbubbles would bind to cells in vivo. The micro-
bubbles were conjugated with a biotinylated anti-H-2Kk antibody and then injected 
for in vivo EPC imaging. The EPCs were implanted into rats and for ultrasound 
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imaging. After 1 week, imaging showed perfusion within the cell areas and a strong 
signal for microbubbles with H-2Kk in the H-2Kk-transfected  EPC  -supplemented 
plug (Fig.  6 ). Negative controls including non-targeted  microbubbles   and cells not 
expressing H-2Kk were negative. This fi nding shows that microbubbles targeted to 
an engineered cell-surface marker on EPCs can be tracked with ultrasound.

   Limitations include the use of  electroporation   for EPC transduction. The  H-2Kk 
gene   expression was also transient. The reduction in EPC transduction was due to 
active cell division during culture. Another limitation is that the in vivo model of the 
matrigel angiogenesis may not accurately recapitulate clinical cell therapy due to 
ineffi cient cell delivery methods and a gradual decrease in the number of engrafted 
EPCs over time. In addition, the use of microbubbles is limited to vascular targets.   

3     Photoacoustic Imaging of  Stem Cell Therapy      

 Another useful way to track cells in vivo is to utilize photoacoustic imaging using 
an exogenous contrast agent. These agents produce  ultrasound   waves through a 
pressure difference caused by rapid heating from a nanosecond pulse of light on the 
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sample. This technique complements traditional ultrasound and increases contrast. 
It is noninvasive and quantitative, and has quick scan times. Multiple groups have 
used photoacoustic imaging for cell tracking [ 38 – 40 ] and cancer stem cells [ 41 ,  42 ]. 

 In one example, Jokerst et al. reported the use of  silica-coated GNRs (SiGNRs)   as 
a photoacoustic contrast agent and combined it with  ultrasound   backscatter mode 
imaging (Fig.  7 ) [ 38 ]. Stem cells were labeled with the SiGNRs, and imaged in mice, 
and the effect of the SiGNRS on cell viability, differentiation, and cytokine expres-
sion was measured. The silica coat played two important roles—the photoacoustic 
signal of the GNRs was strengthened approximately fourfold confi rming Emelianov’s 
earlier report [ 43 ]. This signal increase remained stable for at least 60 days after 
coating. The second important role of silica was to increase accumulation of the 
contrast agent in the cell more the bare gold nanorods.  Transmission electron micro-
copy   images clearly illustrate SiGNRs (Fig.  7a ) inside of stem cells (Fig.  7b ). 
Photoacoustic imaging with B-mode  ultrasound   imaging provides an image with 
clearly defi ned anatomic features with photoacoustic data that contain cell-specifi c 

  Fig. 7     Photoacoustic imaging  . ( a ) Silica-coated gold nanorods are photoacoustic contrast agents 
that can be loaded into stem cells ( b ). ( c )  Ultrasound   imaging provides details on anatomy includ-
ing muscle, bone, and skin. Photoacoustic  ultrasound   ( d ) offers increased contrast unique to the 
stem cells ( dashed yellow box ). Reproduced with permission from Ref. [ 40 ]       
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content (Fig.  7c, d ). Limitations include optical scatter due to the nature of tissue as 
well as inaccuracies with reconstructions. This could be solved by using a photo-
acoustic catheter or endoscope for deep-tissue implantation.

   In another application, Nam and coworkers imaged stem cells labeled with gold 
nanotracers [ 40 ]. The labeled stem  cells      were mixed into a fi brin gel and injected 
into the lateral gastrocnemius muscle of a rat 5 mm beneath the skin.  Ultrasound  /
photoacoustic images were taken and clearly show the location of the nanotracer 
signal of the cells indicating high sensitivity. In vivo detection limits were 4.5 × 10 9  
nanoparticles/mL. This facilitates high-sensitivity imaging.  

4     Perspectives and Conclusions 

  Ultrasound   imaging offers many advantages to the stem cell imager. It has high tem-
poral and spatial resolution and is also very affordable. Portable units can be purchased 
for below $10,000. This makes it applicable both to sophisticated research hospitals 
and rural or private practice clinics. As the fi eld of  regenerative medicine   continues to 
expand, the number of people using ultrasound for cell imaging will likely increase. 

 We will also likely see other applications in different organ systems.  Ultrasound   
is routinely used in many abdominal applications including imaging of the liver, 
spleen, and bowels.  Regenerative medicine   applications are likely in these areas, 
and  ultrasound   may be a very useful tool to investigators in the fi eld. Ultrasound is 
also used to study joints including the knees. There are clinical trials under way 
using stem cells to regenerate cartilage to prevent joint pain. Ultrasound is ideally 
suited to understand the location and distribution of stem cells in the joints. 

 The community will also continue to see multimodal applications. As shown 
above,  ultrasound   and MRI are very complementary techniques in terms of tissue 
penetration and temporal resolution. Other groups have shown ultrasound com-
bined with Raman imaging, which is a special optical technique with exquisite sen-
sitivity and spectral character, but very slow temporal resolution. Thus, these two 
 techniques can be used in tandem to minimize the relative disadvantages of each 
technique. Finally, researchers will continue to study ways to increase contrast in 
ultrasound. While  photoacoustics   is promising, it remains a body surface-weighted 
technique. Thus, magneto-acoustic or radio-frequency acoustic techniques will 
hopefully improve for use in humans. The interested reader is encouraged to learn 
more using these helpful texts [ 11 ,  44 ,  45 ].     
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Nanoparticles for Photoacoustic Imaging 
of Cancer

Katheryne E. Wilson, Keerthi S. Valluru, and Jürgen K. Willmann

1  �Introduction

In this chapter, we present the basics of photoacoustic imaging with an overview of 
the types of nanoparticles specifically used in the detection of cancer drawing from 
our own experience and the work of others in the field. Photoacoustic imaging is a 
highly complementary modality to ultrasound imaging and has potential for several 
clinical applications [1]. The contrast in photoacoustic imaging is based on optical 
absorption. Therefore, agent-free photoacoustic imaging visualizes intrinsic tissue 
chromophores (light absorbing molecules) such as oxygenated and deoxygenated 
hemoglobin, melanin, and lipid. However, for other applications, such as examining 
cellular expression of specific cancer markers, the use of exogenous contrast agents 
is required. Several types of nanoparticles (noble metal, carbon, and mixed compo-
sition) have been developed as photoacoustic contrast agents due to their strong 
optical absorption characteristics. Here, we review some of the notable examples 
for the various types of nanoparticles for photoacoustic imaging of cancer.

2  �Basics of Photoacoustics

The photoacoustic (interchangeably “optoacoustic”) effect was first described in 
1880 by Alexander Graham Bell when he noticed that sound waves were produced 
from an absorbing media after being exposed to sunlight transmitted through a 
rapidly rotating slotted wheel [2]. Furthermore, he noticed that the emitted sound 
waves changed between different materials and different frequencies of light. 

K.E. Wilson, Ph.D. • K.S. Valluru, M.S. • J.K. Willmann, M.D. (*) 
Department of Radiology, School of Medicine, Stanford University,  
300 Pasteur Drive, Stanford, CA 94305, USA
e-mail: willmann@stanford.edu

© Springer International Publishing Switzerland 2017
J.W.M. Bulte, M.M.J. Modo (eds.), Design and Applications of Nanoparticles  
in Biomedical Imaging, DOI 10.1007/978-3-319-42169-8_15

mailto:willmann@stanford.edu


316

These experiments provided the basis upon which modern photoacoustics are built. 
Formally, the photoacoustic effect is the formation of sound waves after light 
absorption within a media. For photoacoustic imaging, a pulsed laser is used to 
irradiate tissues. Upon optical absorption by either an endogenous or exogenous 
chromophore (a light-absorbing molecule), heat is generated and released to the 
immediately surrounding environment [3]. This environment undergoes localized, 
rapid thermal expansion. Upon contraction of the environment to the original state, 
a high amplitude, broadband acoustic wave is released [4–6]. These transients can 
be detected using standard ultrasound transducers and reconstruction techniques. 
As photoacoustic imaging relies on light for generating thermoelastic expansion 
and the ultrasound transducer for resolution, the method provides optical contrast 
at depths significantly deeper (up to 7 cm theoretically [5, 6]) than purely optical 
imaging methods. Furthermore, since optical absorption is dependent on molecular 
characteristics, the modality can be used as an inherently molecular methodology, 
which is highly complementary to the anatomical (B-mode) and functional (con-
trast enhanced and Doppler) imaging provided by clinical ultrasound imaging.

Photoacoustic signal is dependent on the number of photons absorbed and the 
ability of the media to convert that absorption to heat. Specifically, photoacoustic 
signal generation can be described as:

	 P F a= m g 	 (1)

Where P is the photoacoustic signal intensity, F is the fluence of laser energy in mJ/
cm2, μa is the optical absorption coefficient of the absorptive media in cm−1, and γ is 
the Grüneisen parameter, which describes the heat transfer characteristics of the 
media. Therefore, photoacoustic signal is linearly dependent on the laser fluence 
irradiated onto the sample and how absorptive the sample is. Generally, two condi-
tions must be met for the effect to occur, namely thermal and stress confinements. 
Thermal confinement is met when the duration of the light pulse is shorter than the 
thermal relaxation time of the media, meaning the pulse duration must be shorter 
than the time it takes for the heat generated by absorption to dissipate. Stress con-
finement is met when the pulse duration is shorter than the stress relaxation time. 
Most laser pulses less than 10 ns will fulfill these requirements for photoacoustic 
imaging purposes.

2.1  �Spectroscopic Photoacoustic Imaging

In biological tissue, the dominant optical absorber is hemoglobin in its two oxygen-
ation states (see Fig. 1). As photoacoustic imaging contrast is highly dependent on 
optical absorption, this implies photoacoustic imaging is inherently suited for imag-
ing blood. Several applications take advantage of this property such as imaging of 
tumor neoangiogenesis, monitoring antiangiogenic therapy, and imaging of isch-
emic events, to name a few [7–11]. However, examining other endogenous or 
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exogenous absorbers beyond hemoglobin states, which is crucial to expand the can-
cer imaging application of photoacoustic imaging, can result in low signal to back-
ground ratios, as optical absorption of hemoglobin will dominate the photoacoustic 
signal production. One solution is to compare pre- and post-injection images of 
contrast agents to display signal only corresponding to the exogenous agents. 
However, using subtraction of images to remove background hemoglobin signal is 
prone to error due to physiological changes including tumor growth, changes in 
blood flow, and experimental setup, including laser fluence variations and imaging 
plane shifts [12]. Therefore, methods are needed to overcome these challenges and 
minimize background signal from hemoglobin when examining other endogenous 
or exogenous agents.

Spectroscopic photoacoustic imaging can be implemented to reduce the photo-
acoustic signal from blood and enhance the signal from the desired absorber by 
modeling images as linear combinations of absorbers. Optical absorption is depen-
dent on the wavelength of light and the concentration of the photoabsorber. The 
absorption coefficient μa(λ,r), which is dependent on the wavelength “λ” and the 
spatial position “r,” is defined as the product of the molar extinction coefficient (Ɛ) 
and the concentration (C) of the photoabsorber as described [12, 13], providing the 
following Eq. (2):

	
µ r C r C r Ca n nl e l e l e l,( )= ( ) ( )+ ( ) ( )+¼ ( )1 1 2 2 	 (2)

Fig. 1  Optical absorption of endogenous chromophores and exogenous nanoparticle contrast 
agents. (a) Absorption coefficients of several endogenous tissue chromophores. Melanin has the 
strongest optical absorption, but only occurs in the skin, and therefore hemoglobin in its two oxy-
genation states (HbO2—oxygenated hemoglobin, and Hb—deoxygenated hemoglobin) dominates 
photoacoustic images over lipid and water imaging. These spectra have local minimums in the 
700–900 nm range, where (b) various nanoparticles have tunable peaks in their optical absorption 
including silver nanoplates (brown line) and gold nanorods (green line). Nanospheres (blue line) 
act as precursor nanoparticles to synthesize anisotropic shapes
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Assuming the optical absorption that provides photoacoustic signal is proportional 
to the sum of the n photoabsorbers within the imaging plane, the localized absorp-
tion coefficient μa can be considered as the sum of the “n” individual absorption 
coefficients. Therefore, if at least “n” wavelengths are used to image a given plane, 
regression methods can be used to determine the relative concentrations of the “n” 
photoabsorbers in relative but arbitrary units within the region-of-interest based on 
the assumption that the photoacoustic signal (known variable as measured in the 
experiment) is proportional to the molar extinction coefficient “Ɛ” (a known vari-
able from the literature [14, 15]) times the concentration “C” of the individual pho-
toabsorbers (unknown variable). The power of the regression improves with 
additional wavelengths and/or those that represent salient spectral characteristics of 
the photoabsorbers [13]. The method is most accurately applied when examining a 
mixture of photoabsorbers that have (1) relatively good optical absorption with 
hemoglobin being the standard; (2) distinctive spectral characteristics such as sharp 
peaks; and (3) absorption spectra that are highly distinguishable from each other.

2.2  �Label Free Spectroscopic Photoacoustic Imaging 
in Cancer

Endogenous or label-free photoacoustic imaging, involves the examination of 
intrinsic tissue constituents such as hemoglobin, lipid, melanin, and water, which 
can be selectively imaged using spectroscopic photoacoustic imaging due to their 
strong absorption characteristics in the near infrared light region [15–19]. In cancer-
ous tissue, angiogenesis leads to formation of new vasculature, thereby contributing 
to significant changes in concentration of hemoglobin within the tissue compared to 
healthy tissue with a subsequent increase in photoacoustic imaging signal [20, 21]. 
A multitude of studies taking advantage of intrinsic photoacoustic imaging contrast 
obtained from differences in the absorption spectra of tissue absorbers, such as oxy-
genated and deoxygenated hemoglobin, have been reported in the literature [22–27]. 
In a recent study [28], it has been demonstrated that as many as four different breast 
histologies, including normal (n = 82), hyperplasia (n = 12), ductal carcinoma in situ 
or DCIS (n = 96), and invasive breast carcinoma (n = 61), can be differentiated with 
reasonable accuracy based on the photoacoustic imaging contrast obtained from 
oxygen saturation, total hemoglobin, and lipid content in a transgenic mouse model 
(27 mice, n = 251 mammary glands). With the help of a multiparametric analysis, it 
was shown that oxygen saturation performed best to differentiate clinically non-
actionable (normal/hyperplasia) versus clinically actionable (DCIS and invasive 
breast carcinoma) findings. Furthermore, a reduction in lipid content was seen as the 
fat tissue being progressively replaced by a solid tumor during breast cancer devel-
opment. However, the total hemoglobin was observed to be lower in DCIS and 
invasive breast carcinoma compared to normal and hyperplasic mammary glands in 
that study despite the general increase of vascularity in tumors. Therefore, due to 
complex biological processes, elucidating information concerning disease state 
based on those parameters only may be challenging.
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Also, in instances where the blood vessels are still smaller compared to the detection 
sensitivity of the photoacoustic imaging system, which might often be the case in the 
early stages of cancer development, the intrinsic endogenous contrast may not be suf-
ficient to detect any changes between cancer and surrounding healthy tissue. Moreover, 
not all cancers behave similarly, making it hard to estimate the type of change one 
might expect from the endogenous absorbers. For instance, will the concentration of 
lipid in cancer be more, or less compared to healthy tissue? Will different types of 
cancer show similar traits in absorption? Furthermore, the photoacoustic image con-
trast obtained from endogenous absorbers is not specific to the cancer or any other 
disease and may not be sufficient to provide a definitive diagnosis. As such, exogenous 
contrast agents, which can be synthesized to achieve a desired absorption, can be help-
ful in increasing the sensitivity and contrast-to-noise of photoacoustic imaging for can-
cer imaging. In addition, exogenous photoacoustic imaging agents, such as 
nanoparticles, that can interact with the tissue or bind to a cancer-specific biomarkers 
can also improve specificity, thereby allowing molecular imaging capabilities.

3  �Nanoparticles for Photoacoustic Cancer Imaging

Nanoparticles are well suited for use as contrast agents, as their size is on scale with 
biological processes and cells, allowing visualization of the intricate processes that 
occur. These small sizes allow enhanced optical absorption, biodistribution, and 
clearance properties that can all be fine-tuned for specific applications. In the fol-
lowing sections, a brief introduction on general synthesis and bioconjugation meth-
ods of nanoparticles will be presented followed by key examples of use for 
photoacoustic imaging of cancer.

3.1  �Plasmonic Noble Metal Nanoparticles

Plasmonic noble metal (e.g., gold, silver) nanoparticles constitute the most com-
monly researched probes for photoacoustic imaging of cancer. These particles have 
relatively facile and rapid (a few hours) synthesis methods with tunable size and 
shape parameters to allow for application-specific optimization of absorption prop-
erties that provide sharp absorption peaks within the near infrared tissue “optical 
window,” where endogenous tissues absorption is dominant otherwise. Furthermore, 
noble metal nanoparticles are easily bioconjugated to targeting moieties. However, 
in the case of gold nanoparticles, while they have little interaction with biological 
systems preventing toxicity, they are often retained in the liver and spleen. In the 
case of silver, which does degrade in biological environments, there is concern of 
potential silver toxicity. Current research is focused on overcoming these limita-
tions because the per particle optical absorption tends to be higher in noble metal 
nanoparticles compared to any carbon nanotubes, polymer, or dye based nanopar-
ticles due to the interesting phenomenon of plasmon resonance, making them prom-
ising contrast agents for photoacoustic imaging of cancer.

Nanoparticles for Photoacoustic Imaging of Cancer



320

3.2  �Plasmon Resonance

Nanoscale particles have many interesting properties that the same materials in bulk 
do not. One of the main reasons for this is the shift in the ratio of surface atoms to 
interior atoms. Surface atoms interact with the surrounding environment while inte-
rior atoms do not. This increased interaction with the environment gives rise to the 
superior optical absorption of noble metal nanoparticles because of surface plasmon 
resonance (SPR) [29–31]. Concretely, free electrons in metals are able to travel 
throughout the material, and in nanoscale particles, they do so free of scattering as 
the mean free path is greater than the size of the nanoparticle. Therefore, when an 
electromagnetic wave front with a wavelength larger than the diameter of the parti-
cle passes, the free electron cloud is polarized to the sides of the nanoparticle 
depending on the oscillating charge of the wave, resulting in coherent resonation at 
the same frequency. The size, shape, and surface environment of the nanoparticle all 
alter the SPR resonance (absorption) peaks, allowing nanoparticles to be finely 
tuned to specific applications in the visible and near infrared regions [29–31]. Once 
noble metal nanoparticles have the desired absorption characteristics, it is important 
to fine tune the pharmacokinetics and distribution for an optimal imaging system.

3.3  �Bioconjugation

Due to their small size, unconjugated nanoparticles can be directly used as cancer 
contrast agents through the “enhanced permeability and retention effect” (EPR) 
which typically allows up to 5 % of the injected dose to accumulate nonspecifically 
within tumor tissues [32]. In tumors, the recruitment and growth of new blood ves-
sels to supply nutrients occurs more quickly than typical angiogenesis [20]. 
Therefore, the organization and function of these rapidly grown vessels is abnormal, 
including poorly aligned endothelial cells, which leave large gaps of up to 800 nm 
in diameter between cells. Combined with ineffective lymphatic drainage, these fac-
tors make nanoparticles more likely to accumulate within tumor tissue compared to 
normal tissue [33, 34]. However, the efficiency of nanoparticle delivery using the 
EPR effect is highly variable between and within cancer types and stages, and is 
increased in preclinical xenograft tumor models due to a faster tumor development 
rate compared to native cancers [33]. Therefore, it is advantageous to conjugate 
molecular targets (such as antibodies, antibody fragments, peptides, aptamers, or 
metabolites [35]) to the surface of nanoparticles to, for example, increase receptor-
mediated endocytosis into tumor cells or to allow for photoacoustic molecular imag-
ing of a specific biomarker of the tumor vasculature. While other binding motifs 
(i.e., hydrophobic, electrostatic interactions, and van der Waals forces [36]) can be 
used to attach biomolecules to the surface of nanoparticles, covalent binding between 
SH, O, or N atoms through their unshared election pairs are preferred for clinical 
applications due to an increase in the stability of the constructs [36].
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One of the typically leveraged bonds is the metal–thiol covalent bond mediated 
through sulfhydryl (SH) functional groups in thiols (R-SH), which is almost as 
strong as the gold–gold (Au–Au) bond, though the exact mechanism is still being 
elucidated [37, 38]. For bioconjugation purposes, the thiol interaction allows bind-
ing with cysteine amino acid residues, which have a thiol functional group allowing 
for direct protein conjugation. However, the number of cysteines can be limited or 
nonexistent in proteins, and therefore, proteins containing -NH2 groups (typically 
the more abundant lysine residue, occasionally arginine) could be attached by con-
version to SH groups through EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide) or sulfo-NHS chemistry [35]. These reactions are fairly straightforward and 
short in duration up to a couple of hours [35]. Finally, to avoid a rapid immune 
response and clearance of nanoparticles triggered by nonspecific protein absorption 
on the surface, increased circulation time, and increased serum solubility [39], 
nanoparticles are typically coated with polyethylene glycol (PEG, PEGylation) 
using commercially available PEG-SH.

3.4  �Gold Nanoparticles

Gold nanoparticles are by far the most commonly used plasmonic noble metal 
nanoparticle for photoacoustic imaging of cancer. Gold nanoparticles are bioinert in 
terms of cytotoxicity, but accumulate within the mononuclear phagocyte system 
[40], including the spleen, liver, and lymphatic system for up to 2–6 months (the 
final time point in several studies [41]); therefore, clinical use of gold nanoparticles 
remains elusive, as it requires more extensive biosafety and evaluation standards to 
elucidate whether this accumulation poses health risks, which is currently unclear. 
Extensive research has been dedicated to synthesizing monodisperse gold nanopar-
ticles in a variety of sizes and shapes (spheres, rods, cubes, plates, barbells, rice, 
tetrapods, etc. see Fig. 2 [28, 42–44]), which allows fine-tuning of optical absorp-
tion properties for applications of photoacoustic imaging of cancer.

3.4.1  �Synthesis

While “top-down” approaches (starting with bulk gold and removing material until 
nanoparticles remain) exist for synthesis of gold nanoparticles, “bottom-up” 
approaches (building nanoparticles from reduced metal ions) have become suffi-
ciently optimized to produce relatively monodisperse particles in bulk and will be 
the focus here. One common method for gold nanosphere production involves 
reduction of gold(III) derivatives, such as HAuCl4, using a weak reducing agent 
such as citric acid [45, 46]. The ratio of the reducing agent to the salt and reducing 
time determine the size of the nanoparticles, which are citrate stabilized in the solu-
tion. Particles can then be surface capped through PEGylation for purification and 
used for in vivo applications. Synthesis of anisotropic nanoparticles, most notably 
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nanorods, begins with a similar method but using stronger reducing agents, (such as 
sodium borohydride) to produce small gold nanospheres (~4  nm). These small 
spheres act as “seeds” onto which carefully controlled epitaxial gold ion deposition 
is continued through the use of selective growth restriction surfactants that bind to 
faces of the seed with preferential crystal structures and atom spacing. In the case of 
gold nanorods, cetyltrimethylammonium bromide (CTAB) is used in combination 
with silver nitrate to block gold deposition on the {111} or {100} side faces, leaving 
the {110} common axis faces free for anisotropic growth {denote atomic crystal 
lattice structures} [47]. Similar to spheres, nanorods, and other anisotropic shapes 

Fig. 2  Gold nanoparticles of various size and shape with potential applications in biomedicine. 
Small (a) and large (b) nanospheres, (c) nanorods, (d) sharpened nanorods, (e) nanoshells, (f) 
nanocages/frames, (g) hollow nanospheres, (h) tetrahedra/octahedra/cubes/icosahedra, (i) rhombic 
dodecahedra, (j) octahedra, (k) concave nanocubes, (l) tetrahexahedra, (m) rhombic dodecahedra, 
(n) obtuse triangular bipyramids, (o) trisoctahedra, and (p) nanoprisms [44]—Reproduced by per-
mission of The Royal Society of Chemistry
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can be stabilized through PEGylation for in vivo applications. Many other shapes 
(see Fig. 2) can be synthesized by varying synthesis parameters including tempera-
ture, component ratios, and surfactants. Using these synthesis methods combined 
with bioconjugation of targeting moieties allows fine tuning of nanoparticle compo-
sition for specific applications of photoacoustic imaging of cancer.

3.4.2  �Applications

The use of nanoparticles as contrast agents for photoacoustic imaging of cancer cur-
rently remains in the preclinical research stage, though several interesting studies 
have been explored. For example, gold nanorods have been used to image multiple 
types of cancers. Jokerst et al. [48] demonstrated the use of gold nanorods to image 
three types of ovarian cancer tumors: 2008, HEY, and SKOV3 subcutaneously 
grown in mice (n = 3). They reported a 2.3-fold photoacoustic signal increase with 
intratumoral injection and a 3.5-fold increase with intravenous injection of gold 
nanorods at excitation wavelength of 756 nm respectively. The work by Zhong et al. 
[49] further demonstrates the applicability of gold nanorods beyond imaging, as 
they reported photoacoustic therapy using gold nanorods conjugated with folic acid 
in mice bearing HeLa (human cervical cancer) tumors that overexpress folate recep-
tor. Folic acid conjugation allows the nanoparticles to bind to folate receptor whose 
expression is minimal in healthy tissues and high in cancers such as lung, breast, 
kidney, brain, cervix, or ovary cancer [50, 51]. Photoacoustic therapy although sim-
ilar in principle to photoacoustic imaging, destructs individual target cells with 
laser-induced shock waves. When a photoabsorber is irradiated with a pulsed laser, 
the optical energy is transformed into mechanical energy, resulting in a shock wave 
without the side effect of heating or cavitation [52]. In photoacoustic therapy, the 
generation of shock waves rely on the efficiency of photoabsorbers to convert light 
energy into acoustic energy, with suitable candidates reported as indocyanine green 
containing nanoparticles (ICG-PL-PEG), single-walled carbon nanotubes, and gold 
nanorods [49, 53, 54]. When compared with images of mice injected with folic acid 
conjugated single-walled carbon tubes, and unconjugated gold nanorods, the tumor 
growth rate in mice treated with folic acid-conjugated gold nanorods was observed 
to be significantly lower over a duration of 24 days after treatment.

Another type of gold nanoparticles, nanoshells, have been used to study colon 
cancers. Li et al. [55] reported the intravenous use of PEGylated gold nanoshells in 
mice bearing CT26.wt colon cancer tumors grown subcutaneously. When imaged for 
6 h using photoacoustic microscopy, the gold nanoshells were seen to be progressively 
taken up by the tumor foci, while those in the vessels were cleared out, indicating an 
enhancement in photoacoustic signals with a contrast ratio of 6.5 between the tumor 
foci to the vessels. Li et al. [56] reported the use of gold nanocages for photoacoustic 
imaging of cerebral cortex, sentinel lymph nodes, and melanoma in small animals. 
When gold nanocages were injected in rats to study their brain cortex [57], 81 % 
enhancement in blood absorption was reported over the intrinsic contrast. In a similar 
study conducted in rats to image sentinel lymph nodes [58], a gradual accumulation 
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of gold nanocages was observed leading to a gradual increase in photoacoustic signal 
28 min after injection. Likewise, gold nanocages functionalized with [Nle4, D-Phe7]-
α-melanocyte-stimulating hormone were used for active targeting and resulted in a 
300 % higher photoacoustic signal enhancement because of ligand-receptor binding 
on melanoma cells in mice compared to PEGylated gold nanocages 6 h after injection 
[59]. In a recent study by Shujing et al. [60], molecular imaging and photoacoustic 
therapy of gastric cancer stem cells using bioconjugated gold nanostars was reported. 
Gold nanostars conjugated with CD44v6 monoclonal antibody were intravenously 
injected in orthotopic and subcutaneous mice tumor models of human gastric cancer. 
Their results suggest that the bioconjugated gold nanostars successfully targeted the 
gastric vascular system at 4 h after injection resulting in 250 % increase in photo-
acoustic signal compared to the signal acquired from mice injected with unconju-
gated PEGylated gold nanostars. Moreover, tumor growth inhibition was also 
reported with an extension of survivability of tumor bearing mice.

Furthermore, introduction of gold nanospheres into a biological environment 
leads to complex interactions, such as aggregation of nanoparticles within cells, 
which can be visualized due to the resulting change in optical absorption spectra. 
Mallidi et  al. [61] reported the synthesis and application of bioconjugated gold 
nanospheres (20 nm dia.) that can specifically bind to the cancer biomarker endo-
thelial growth factor receptor (EGFR) for improved differentiation of cancer from 
background healthy tissue. EGFR-expressing human epithelial carcinoma cells 
(A431, n = 6) and EGFR-negative human breast cancer cells (MDA-MB-435, n = 3) 
were subcutaneously inoculated in mice followed by intravenous injection of 
EGFR-targeted or PEGylated gold nanospheres. Results of EGFR-targeted gold 
nanoparticles in A431 tumors are shown in Fig. 3a, b. A wavelength shift in the 

Fig. 3  Gold nanoparticles for photoacoustic imaging of cancer. (a) Photoacoustic and (b) multi-
wavelength spectroscopic photoacoustic images pseudo-colored to show oxygenated- (red) and 
deoxygenated hemoglobin (blue), and accumulation of gold nanoparticles (yellow) before and 1, 
2, 3, and 4 h after intravenous injection of EGFR-targeted gold nanoparticles in a subcutaneous 
A431 breast cancer tumor. (c) H&E and (d) silver enhancement staining of histology tumor slices 
showing accumulation of EGFR-targeted gold nanoparticles within the tumor. Reprinted with per-
mission from [61].
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absorption of targeted gold nanospheres in EGFR expressing tumors was observed 
from 520 nm (green) to 720 nm (near infrared) due to plasmon resonance coupling. 
Effectively, cellular internalization and aggregation of nanoparticles into lysosomal 
compartments brings nanoparticle, and their individual free electron clouds, into 
close proximity. This grouping of nanoparticles then acts as a larger nanoparticle of 
a different shape with one associative electron cloud that has a distinct resonance 
frequency and associated optical absorption, changing the overall absorption spec-
trum from that of individual nanoparticles. Accumulation was confirmed by silver 
staining (which detects the presence of noble metals by depositing ionic silver until 
the nanoparticle can be visualized with light microscopy) of histological sections, 
along with an increase in photoacoustic signal over time (4 h after injection) shown 
in Fig. 3c, d. In contrast, images of mice with PEGylated gold nanospheres showed 
no significant change in photoacoustic signals, indicating that using targeted 
nanoparticles increased specificity in imaging EGFR-expressing cancer cells.

Overall, gold nanoparticles have been extensively used as contrast agents for 
photoacoustic imaging due to their excellent optical absorption and finely tunable 
absorption characteristic that can be optimized for specific applications. However, 
the bioaccumulation of gold nanoparticles remains a limiting factor in their use 
clinically.

3.5  �Silver Nanoparticles

Silver nanoparticles have been commonly used in biomedical and cosmetic pur-
poses for their antibacterial properties [62]. Unlike gold nanoparticles, silver 
nanoparticles dissolve over time in biological environments making them more 
suitable for repeat administrations for clinical purposes compared to gold nanopar-
ticles [62]. However, the ability of silver nanoparticles to degrade introduces new 
challenges for their biomedical use, including potential silver toxicity [63] through 
the introduction of reactive oxygen species leading to cellular oxidative stress and 
lipid peroxidation [64] and decreased stability which would affect their desired 
optical absorption characteristics.

3.5.1  �Synthesis

Silver nanoparticles are synthesized very similarly to gold nanoparticles, predomi-
nantly through seed-mediated growth procedures. Reducing agents appropriate for 
silver particles include hydrazine, ascorbic acid, temperature increases, and light 
exposure. Silver seeds approximately 3 nm in diameter can be synthesized by the 
reduction of silver nitrate (AgNO3) using sodium citrate and adding sodium borohy-
dride (NaBH4) in a dropwise fashion, followed by stabilization by bis(p-
sulfonatophenyl)phenylphosphine dihydrate dipotassium (BSPP) [65]. The further 
growth on anisotropic shapes is accomplished similarly to that of gold nanoparticles 
through the addition of silver salts and reducing agents [66].
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3.5.2  �Applications

The use of silver nanoparticles for photoacoustic imaging of cancer has been more 
limited due to potential silver toxicity concerns and stability issues. However, some 
groups have been able to overcome these challenges by using a specific type of sil-
ver nanoparticles for imaging of pancreatic cancer xenografts. Homan et al. [66] 
demonstrated the synthesis of biostable sliver nanoplates (edge-length: 60.9 nm, 
thickness: 12.5  nm) by functionalizing them with thiol terminated methoxy-
polyethylene glycol (mPEG-SH). They reported the application of PEG-passivated 
silver nanoplates conjugated to a monoclonal antibody to EGFR (a-EFGR) in 
detecting orthotopic human pancreatic cancer xenografts grown in mice. At first, 
cancer binding specificity of a-EFGR conjugated sliver nanoplates (SPR peak: 
800 nm) was confirmed in vitro by incubating EGFR-expressing pancreatic cancer 
cells in three conditions: with no nanoplates, PEGylated nanoplates, and a-EGFR 
conjugated nanoplates, with only the last group showing any uptake. Further incu-
bation of three different cell lines: MPanc96 (EGFR-expressing pancreatic cancer), 
L3.6pl (EGFR-expressing pancreatic cancer), and HPNE (non-cancerous pancreatic 
cells) in vitro for 24 h confirmed no cytotoxicity up to concentrations of 1 mg/mL 
silver nanoplates. Spectroscopic photoacoustic imaging of orthotopic pancreatic 
mice models up to 6 h after intravenous injection of a-EGFR conjugated nanoplates 
showed a heterogeneous accumulation of nanoplates in the tumor, which was also 
confirmed later by silver staining of histological slices, indicating that silver 
nanoparticles can increase the tumor contrast over surrounding tissue. Homan et al. 
[67] have also demonstrated an enhancement of photoacoustic imaging contrast in 
porcine pancreatic tissue ex vivo using another group of sliver nanoparticles called 
silver nanocages in a study aimed to further improve pancreatic cancer detection. 
The silver nanocages constitute silica nanospheres (180–520  nm) coated with a 
porous layer of sliver (5–60 nm) and the authors reported the possibility of using 
them beyond imaging for targeted drug delivery if the silica core material were to be 
replaced with a suitable drug-eluting material. Overall, silver nanoparticles remain 
a promising contrast agent for photoacoustic imaging assuming potential toxicity 
and stability issues can be sufficiently addressed.

3.6  �Silica Coating of Noble Metal Nanoparticles

While, noble metal nanoparticles have excellent optical absorption abilities, optical 
absorption ultimately leads to instability of the nanoparticles after longer term imag-
ing. Upon pulsed laser irradiation, optical absorption is converted to heat. Nanoscale 
particles tend to have lower melting temperatures due to the increase in ratio of sur-
face to bulk atoms. Therefore, after prolonged imaging, anisotropically shaped noble 
metal nanoparticles tend to melt into more energy efficient shapes, such as spheres, 
altering their optical absorption peaks. Coating these particles with silica not only 
increases stability for prolonged or longitudinal imaging, but also provides an ampli-
fication of the photoacoustic signal due to an increase in the interfacial heat transfer 
between the particle and the surrounding environment. To produce silica-coated 
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metal nanoparticles, silica is deposited onto preprepared and PEGylated nanoparti-
cles via the Stöber method[68]. Tetraethyl orthosilicate (TEOS) usually acts as the 
source of silica and the reaction is completed in an alcohol and ammonia solution 
[68]. The surface of silica nanoparticles can be conjugated using alkane silanes [36].

Chen et al.[3, 68] reported the development and implementation of gold nanorods 
coated with silica of varying thickness: 6, 20, and 75 nm for photoacoustic imaging of 
tissue-mimicking phantoms. When compared with signals from PEGylated gold 
nanorods without silica, the 20 nm silica-coated gold nanorods demonstrated the high-
est fold (3.8 times) increase in photoacoustic signals. The larger 75 nm silica-coated 
gold nanorods were reported to show a reduced photoacoustic signal (only 2.3 times 
higher than PEGylated) than 20 nm silica-coated nanorods, possibly due to reduced 
local fluence, as a consequence of increased scattering as shown in Fig. 4. Moreover, 
the silica-coated nanorods were reported to exhibit superior stability than PEGylated 
nanorods under high-fluence laser pulses. Overall, silica-coating presented a slight 
shift in wavelength towards the red without altering the optical absorption of gold 
nanoparticles increasing the usefulness of gold nanoparticles as photoacoustic imag-
ing contrast agents through increase in stability and signal amplification.

3.7  �Carbon Nanotubes

Carbon nanotubes (CNT) are graphene sheets that have been rolled into cylinders 
that have extremely long aspect ratios (>100) as diameters are typically a few nano-
meters or less and lengths up to hundreds of nanometers. CNTs have excellent sta-
bility and interesting semiconductor and optical absorption properties, and their 
functions in biomedical applications are currently being explored.

Fig. 4  (a) Ultrasound and (b) photoacoustic images (top to bottom) of inclusions containing the 
same number of (I) PEGylated gold nanorods and gold − silica core − shell nanorods with (II) 6 nm 
silica coating, (III) 20 nm silica coating, and (IV) 75 nm silica coating (left to right). Each image 
covers a 6 mm by 6 mm field of view. Reprinted with permission from Ref. [3]
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3.7.1  �Synthesis

Carbon nanotubes represent a more challenging nanoparticle to synthesize requir-
ing extremely high temperatures and specialized equipment. However, they are 
commercially available for those who would like to use them for biomedical 
research without large startup costs. The three main methods of carbon nanotube 
synthesis include arc-discharge, laser ablation, and chemical vapor deposition [68]. 
Arc-discharge and laser ablation are “top-down” approaches, where bulk carbon 
sources are vaporized at thousands of degrees Celsius into high-quality carbon 
nanotubes intermixed with large amounts of byproduct. The “bottom-up” approach 
uses small metal seeds to initiate growth through chemical vapor deposition at much 
lower temperatures between 500 and 1000 °C [69]. The optical absorption of CNTs 
is high with a very broad absorption over the visible and near infrared regions. 
Carbon nanotubes are hydrophobic after synthesis and, therefore, need surface 
modification to be compatible with biological systems. When sonicated with PEG-
phospholipid compounds, the hydrophobic tails of the phospholipids interact 
strongly with the walls of the carbon nanotubes, leaving the PEG to interact with the 
aqueous solution [69, 70]. Furthermore, function linkers can be used in lace of the 
PEG to allow for conjugation of biologic targeting moieties. However, even after 
surface modification, there are concerns over cytotoxicity of the CNTs. Specifically, 
the concerns relate to how shapes with extremely high aspect ratios interfere with 
cellular endocytosis and cells physically cannot fully engulf objects of this shape 
[71]. However, CNTs have been used in preclinical cancer models.

3.7.2  �Applications

In one such application, Zerda et al. [70] reported an eightfold increase in the pho-
toacoustic signal in mice bearing U87MG glioblastoma tumors overexpressing αvβ3 
integrin upon tail-vein injection of single-walled CNTs conjugated with cyclic RGD 
peptides targeting αvβ3 integrin (n = 4), compared to photoacoustic signals from 
tumor bearing mice injected with non-targeted PEGylated nanotubes, as shown in 
Fig.  5. Three-dimensional spectroscopic photoacoustic imaging was performed 
before and up to four hours after injection of nanotubes followed by tumor extrac-
tion for ex vivo analysis using Raman microscope, which reported a fourfold Raman 
signal increase in mice injected with targeted single-walled CNTs compared to the 
signal from mice with non-targeted nanotubes validating the photoacoustic results. 
In another study, Nguyen et  al. [72] demonstrated a 20-fold increase in optical 
absorption and a twofold increase in photoacoustic image contrast in porcine blad-
der tissue injected with single-walled CNTs conjugated with ICG compared to 
unconjugated CNTs with implications to improve bladder cancer detection. They 
reported the possible reasons for disproportion (10:1 ratio) between optical absorp-
tion and photoacoustic signal as nonuniform spatial distribution of ICG conjugated 
CNTs, the inhomogeneous absorbance of CNTs in tissue, and the precision of the 
mechanical movements of the PA system during signal acquisition.
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3.8  �Mixed Composition Nanoparticles

In order to achieve a complete set of desirable characteristics in nanoparticle con-
trast agents, including strong optical absorption, biocompatibility, appropriate size, 
shape, surface binding capabilities, and clearance rates, mixed composition nanopar-
ticles have been explored. Typically, these particles comprise of a “carrier” of either 
polymer or biocompatible scaffold and a “payload” of optically absorbing media, 
either dyes or smaller nanoparticles for photoacoustic signal generation. For exam-
ple, in the work by Zhong et al. [53], synthesis of indocyanine green (ICG) and 
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Fig. 5  Carbon nanotubes for photoacoustic imaging of cancer. Ultrasound and photoacoustic 
images of PEGylated and RGD peptide targeted single walled carbon nanotubes accumulated with 
an U87MG glioblastoma subcutaneous tumor at 4 h post intravenous injection. Targeted carbon 
nanotubes show increased tumor accumulation than mice injected with PEGylated carbon nano-
tubes (four- to sevenfold). Adapted with permission from Ref. [70]
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phosopholipid-polyethylene glycol (ICG-PL-PEG) nanoparticles was reported with 
a demonstration of photoacoustic image contrast enhancement upon injection into 
the flank region of female Balb/c mice. With all the individual components of ICG-
PL-PEG nanoparticles already approved by FDA for human use, these composite 
dye-based nanoparticles have a higher potential of clinical translation. The authors 
have later modified these ICG-PL-PEG nanoparticles by combining with folic acid 
and reported their use as cancer-targeting nanoprobes suggesting a reduced tumor 
growth after photoacoustic therapy [54].

Mixed composition nanoparticles also offer the potential for dual contrast 
enhancement for photoacoustic imaging and another imaging modality, typically 
ultrasound. Nanodroplets are an exciting field of research for dual contrast enhance-
ment for combined ultrasound and photoacoustic imaging. Nanoscale (200  nm 
diameter) droplets of perfluoropentane encapsulated with a biocompatible bovine 
serum albumin shell in which gold nanorods (40 nm) were suspended, act as both 
photoacoustic contrast agents (through both thermoelastic expansion and vaporiza-
tion mechanisms) and ultrasound contrast agents [73]. Upon pulsed laser irradia-
tion, the gold nanoparticles (photoacoustic contrast agents) in the shell undergo 
thermoelastic expansion, emitting high frequency ultrasound transients, which 
vaporize the encapsulated liquid perfluoropentane into its gaseous state, converting 
to bubbles providing contrast for ultrasound thus providing co-registered dual con-
trast. This theme has been continued by replacing the gold nanorods with other, 
more clinically translatable optical triggers such as dyes and organic compounds. 
Jian et al. [74] reported the synthesis of perfluorohexane liquid nanodroplets incor-
porated with India ink and encapsulated with FDA approved poly-lactic-co-glycolic 
acid shell capable of undergoing liquid-to-gas phase transition via vaporization 
upon exposure to optical energy instead of ultrasound exposure. When these nano-
droplets were injected intratumorally in MDA-MB-231 tumor bearing mice (n = 5), 
photoacoustic signal amplitude post-injection was observed to be 20-fold higher 
than that of pre-injection. However, the signal enhancement reported was attributed 
to thermoelastic expansion alone and not phase-transition due to the laser power 
limitation of their photoacoustic imaging system (800 nm, 1 mJ/cm2). To further 
validate the in vivo phase-transition ability of India ink nanodroplets, B-mode and 
contrast ultrasound imaging was performed on another group of MDA-MB-231 
tumor-bearing mice (n = 5) after exposing the tumors to a high energy laser (532 nm, 
12 mJ/cm2) for 10 s indicating a 20-fold contrast ultrasound signal enhancement 
post-laser exposure compared to pre-laser exposure. Hannah et al. [75] also showed 
similar results using ICG dye internalized to the center of the nanodroplets.

Recently, Paproski et al. [76] have synthesized a new class of nanodroplets called 
porphyrin nanodroplets (diameter of 185 nm) and injected them intratumorally in an 
HT1080 tumor in the chorioalantoic membrane of a chicken embryo. Porphyrin nano-
droplets constitute liquid perfluorobutane core and a phosopholipid-porphyrin shell, 
which possesses strong optical absorption in the near infrared region making them suit-
able for photoacoustic imaging. Additionally, upon absorption of optical or ultrasound 
energy, porphyrin nanodroplets not only undergo phase change into a perfluorobutane 
gas, but also expand in size to form microbubbles that can provide ultrasound contrast. 
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They reported that an enhanced visualization of tumor indicating accumulation of 
porphyrin nanodroplets was observed with spectroscopic photoacoustic imaging 
throughout or at the periphery of tumor, demonstrating their usefulness in exhibit-
ing the EPR effect. Nanodroplets have been extensively examined in proof-of-prin-
ciple studies, however substantial extravascular localization in tumors has yet to be 
achieved leaving advancement into further preclinical animal studies a challenge.

In contrast, Huynh et  al. [77] reported the reverse-conversion of porphyrin 
microbubbles (1–10 μm) into porphyrin nanoparticles (5–500 nm) in situ and dem-
onstrated their applicability as photoacoustic imaging contrast agents in KB 
(human-epidermoid carcinoma) xenograft-bearing mice. Unlike nanodroplets that 
have a liquid core, porphyrin nanoparticles constitute a bacteriochlorophyll-lipid 
shell encapsulating perfluorocarbon gas core (824 nm peak absorbance), the same 
as their parent microbubbles. The nanoparticle conversion was achieved using a 
low-frequency, high-duty cycle ultrasound (conversion ultrasound). It was reported 
that conversion ultrasound ensured the delivery and retention of porphyrin nanopar-
ticles to the tumor site bypassing the EPR, as indicated by the photoacoustic signal 
from the tumor, which was maintained for at least 2 h compared to the photoacous-
tic signal that was decreased within 30 min post-injection of porphyrin microbub-
bles without any conversion. Overall, mixed composition nanoparticles allow for 
optimization of nanoparticles for photoacoustic and other modalities, by using the 
optimized characteristics from each component.

4  �Conclusions

Nanoparticles have been extensively used for various biomedical imaging purposes 
including the emerging field of photoacoustic imaging. An overview of current lit-
erature has been presented in this chapter along with background, synthesis, and 
applications of nanoparticles in photoacoustic imaging of cancer. Extensive explora-
tions and reviews of nanoparticles for photoacoustic imaging in cancer can be found 
in the literature [78–83]. Nanoparticles that are optimized for photoacoustic imaging 
vary in size, shape, form, and material, but serve a common purpose of enhancing 
the image contrast by interacting with the tumor via enhanced permeability and 
retention effect either intrinsically or through surface modifications and bioconjuga-
tion with targeting moieties. Although they present excellent advantages over 
endogenous imaging, clinical adoption of nanoparticles has been limited due to 
remaining concerns over cytotoxicity and biodegradability, and the inability to accu-
mulate sufficiently and homogenously within tumors. However, in order to leverage 
the molecular imaging capabilities of photoacoustic imaging and improve the diag-
nostic and prognostic rates of cancer detection, new classes of contrast agents that 
can retain their imaging benefits while minimizing the hazards, are necessary. 
Ongoing research explores the development and implementation of nanoparticles 
that constitute one or more materials, which are already FDA approved to support 
the eventual successful clinical translation of this promising new imaging approach.
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Nanoparticles for Photoacoustic Imaging 
of Vasculature

Min Zhou*, Lei Li*, Junjie Yao, Richard R. Bouchard, Lihong.V. Wang, 
and Chun Li

1  �Introduction

Photoacoustic imaging (PAI), also referred to as optoacoustic tomography, is based 
on the measurement of ultrasonic waves induced by biological tissues that absorb 
short laser pulses. In PAI, light absorption by macromolecules, nanoparticles (NPs), 
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or cells in the volume of interests creates a thermally induced pressure change that 
is translated to ultrasonic waves, which are received by acoustic detectors to form 
images. The technique combines the molecular specificity of optical imaging with 
the depth and spatiotemporal resolution of sonography. Unlike other high-resolution 
optical imaging modalities, PAI relies on orders of magnitude less scattered acous-
tic waves, which are induced by both diffused and ballistic light, and thus can be 
used to image deeper biological tissues. Photoacoustic effects were demonstrated in 
turbid medium by Kruger in 1994 [1], in biological tissues by Oraevsky et al. in 
1997 [2], and in an in vivo small animal model by Wang et al. in 2003 [3]. Since 
then, PAI has been widely researched and advanced toward clinical applications [4].

Because of the overwhelming light-scattering effect of biological tissues, the 
photoacoustic signl-to-noise ratio (SNR) decreases exponentially with depth with a 
decay constant that is related to effective penetration depth. Light intensity attenua-
tion can be minimized by choosing an excitation laser wavelength within the near-
infrared (NIR) region, in which biological tissues have a relatively low absorption 
coefficient and a low scattering coefficient. Chromophores that absorb optical 
energy and convert it into acoustic signal are detected by PAI. A high optical absorp-
tion in NIR region increases detection sensitivity and thus extends imaging depth. 
The most important chromophores in the human body are oxyhemoglobin and 
deoxyhemoglobin. Hemoglobin has an absorption coefficient of over 100 cm−1 for 
visible light other than red; hence, it is capable of generating strong photoacoustic 
signals (~10 bars). Taking advantage of this endogenous contrast agent, PAI has 
been successfully applied to image vascular structures and tumor angiogenesis a 
few millimeters under the skin [5–7]. The technique has also been used to quantify 
oxygen hemoglobin saturation and thus the status of hypoxia in tumors [3, 8]. Ku 
et al. [7] demonstrated that hemoglobin in a blood sample 5 cm deep in biological 
tissues could be imaged. Attempts have also been made to apply PAI to the visual-
ization of tumor vasculature in humans [9, 10].

Imaging tissue and tumor vasculature with a high penetration depth and high resolu-
tion is difficult to achieve without the use of appropriate exogenous contrast agents. In 
addition, optical contrast allows spectroscopic separation of signal contributions from 
multiple optical absorbers, thus enabling simultaneous functional imaging (with endog-
enous contrast from oxyhemoglobin and deoxyhemoglobin) and molecular imaging 
(with exogenous contrast agents). This concept was first demonstrated by in 2008 Li 
et al. [8]. In this study, PAI images of a tumor-associated biomarker and tumor oxygen-
ation status based on exogenous and endogenous contrast agents were simultaneously 
acquired using multiple wavelengths around 800 nm in a mouse model. In recent years, 
various NPs have been studied as novel contrast agents for PAI. These NPs usually pos-
sess strong and tunable optical absorption in the NIR region. In this chapter, we provide 
an up-to-date summary of the PAI of tissue vasculature mediated by two classes of NPs, 
i.e., gold nanostructures and CuS NPs. We describe the structure, preparation, and 
in vivo application of these nanomaterials. We also touch upon the development of 
multimodal imaging, which includes PAI and other imaging modalities using multifunc-
tional NPs for tumor vasculature imaging.
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2  �Principle of Photoacoustic Imaging

The photoacoustic effect is the generation of acoustic waves following light absorption 
in a medium. Generally, a short pulse of light is absorbed by chromophores in the 
medium and transiently converted to heat, which causes a rapid thermoelastic expansion 
that generates ultrasound waves [11]. Detection of the photon-induced ultrasonic wave 
yields a tomographic image. In order to efficiently generate ultrasound in biological tis-
sue, normally a short-pulsed laser (typically, several nanoseconds pulse width) is used. 
The amplitude of the generated ultrasound signal is proportional to the original optical 
energy deposition with the conversion coefficient related to the thermal and mechanical 
properties of the tissue. Because the absorption of any photons regardless of their scat-
tering histories can induce PA waves, PA signals can be generated in deep tissue. 
Ultrasonic scattering in tissue is three orders of magnitude weaker than optical scattering 
in the typical ultrasonic frequency range; high spatial resolution imaging can be achieved 
by the detection of PA waves. Consequently, PAI can break the optical diffusion limit.

The initial pressure induced by a sufficiently short laser pulse is given by

	
p

T
0 =

b
k

,
	

(1)

where β is the thermal coefficient of volume expansion, T is the temperature rise, 
and k is the isothermal compressibility. In soft tissue, a temperature rise of 1 mK 
induces approximately 800 Pa pressure rise, which is above the detection sensitivity 
of a typical ultrasonic transducer (~77 Pa for a 50 MHz transducer) [12]. Therefore, 
PAI is a highly sensitive imaging modality. If all absorbed light energy is converted 
to heat, the initial pressure can be expressed as

	 p Fa0 = Gm , 	 (2)

where Г is the Grueneisen parameter, μa is the optical absorption coefficient (cm−1), 
and F is the optical fluence (J/cm2). PAI converts a fractional change in optical 
absorption to an identical fractional change in the PA signal, tantamount to a sensi-
tivity of 100 % in the limit of small absorption variations. In principle, any molecule 
has its own absorption spectrum and thus can be imaged by PAI. Thus far, PAI has 
spectroscopically imaged many endogenous biological molecules, such as oxyhe-
moglobin, deoxyhemoglobin [13–15], melanin [16, 17], water [18–20], lipids [21–
23], DNA and RNA [24, 25], and cytochrome [26, 27].

At depths beyond the optical diffusion limit, PAI can provide imaging with high 
ultrasound resolution, which is determined by the center frequency and bandwidth of 
the ultrasonic detection system and the bandwidth of the detected PA signal. The 
higher the central frequency and the broader the bandwidth, the better the spatial reso-
lution. Penetration depths up to 5–6 cm have been reported using a safe laser expo-
sure in the wavelength range of 600–1500 nm [28–30]. PAI scales spatial resolution 
with penetration depth, as shown in Fig. 1. With a detection central frequency of 
50 MHz, acoustic-resolution photoacoustic microscopy has achieved a lateral resolu-
tion of 45 μm and an imaging depth of 3 mm [31]. Reducing the detection central 
frequency to 5 MHz expands the imaging depth to 4 cm and relaxes the resolution to 
100–560 μm, depending on the detection geometry [32–35].
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3  �Why Nanoparticles

Without the introduction of exogenous contrast, PAI has been used in a variety of 
applications, including hemodynamic imaging [3, 36], blood oxygenation quantifi-
cation [37], blood flow measurement [38], cancer detection [39], and tumor model-
ing [40, 41]. With appropriately chosen wavelengths, from the ultraviolet (UV) to 
visible (VIS) spectrum (250–700 nm), PAI can image cell nuclei, cytochromes, and 
red blood cells with high optical absorption contrast. However, UV and VIS light 
normally penetrates tissue only for hundreds of microns to millimeters, due to the 

Fig. 1  Imaging depth versus spatial resolution in multi-scale PAI. The red circles represent lateral 
resolution, and the blue triangles denote axial resolution. LA-PACT, linear-array based PA com-
puted tomography [80], PAMac, deep photoacoustic macroscopy [32]; AR-PAM, acoustic resolu-
tion photoacoustic microscopy (PAM) [81]; DI-PAM, double-illumination PAM [82]; OR-PAM, 
optical resolution PAM [14, 15, 83]; 125-MHz-PAM, PAM with a 125 MHz ultrasonic transducer 
[84]; SM-PAM, submicron PAM [85]; SW-PAM, subwavelength PAM [86]; UV-PAM, ultraviolet 
PAM [25]; PI-PAM, photo-imprint PAM [87]; SR-PTM/PAM, super-resolution photothermal/pho-
toacoustic microscopy [88]
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strong optical attenuation. In the NIR wavelength region (from 700 to 1100 nm), the 
optical absorption of tissue is at a minimum, which is called “optical window.” The 
optical scattering in biological tissue decreases with increasing wavelength. 
Therefore, NIR light suffers the least optical attenuation, which gives PAI the great-
est penetration. According to Eq. (2), the low endogenous optical absorption of NIR 
directly leads to weak PA signals, which affects the imaging sensitivity and depth. 
Therefore, the employment of exogenous contrast agents can greatly improve the 
imaging sensitivity, contrast, and specificity. Compared with endogenous mole-
cules, exogenous contrast agents offer several advantages. First, the optical and 
chemical properties of exogenous contrast agents can be specifically engineered to 
maximize imaging contrast and detection sensitivity, and to minimize background 
absorption. Second, exogenous contrast agents can be specifically conjugated with 
targeting agents (e.g., peptides, antibodies, aptamers) to selectively bind to cell sur-
face receptors. Third, exogenous contrast agents, especially NPs, can be engineered 
with specific structures for both PAI and localized therapy. For examples, the unique 
optical properties of these NPs can enable controlled drug delivery by light or ultra-
sound to the target organs and/or to mediate heat generation for thermal therapy.

A major concern for exogenous PA contrast agents is their photostability. Organic 
dyes suffer from permanent oxidative photobleaching and optically induced tran-
sient changes in their absorption spectrum. They are not suitable for quantitative PA 
measurement or applications which require high doses of laser energy or a long 
exposure time. In contrast, metal NPs, such as copper and nickel chloride, silica-
coated plasmonic NPs [42, 43], and absorbing pigments, such as melanin from 
tyrosinase-expressing cells, have much better photostability.

4  �Gold Nanostructures

Gold nanostructures, especially gold nanoshells, gold nanocages, gold nanorods, 
and hollow gold nanospheres, exhibit a unique and tunable optical property, termed 
surface plasmon resonance (SPR). SPR is a collective oscillation of conduction-
band electrons within the structures induced by the oscillating dipole of a resonant 
wavelength of light. For solid spherical particles, the resonance peaks appear at 
approximately 520 nm for gold, and the peak varies slightly depending on the size 
of the particle and the embedding medium. The SPR peaks of nanostructures can be 
tuned from the VIS to the NIR region (650–1100 nm) by controlling the size, shape 
(e.g., nanorods), and structure (e.g., hollow or core–shell structured NPs). These 
unique optical properties combined with its excellent biocompatibility makes gold 
nanostructures well suited for PAI of vasculature [44].

Gold nanoshells (AuNS) consist of a dielectric or semiconducting core (i.e., sil-
ica) surrounded by an ultrathin gold shell. These nanostructures possess photother-
mal properties different from solid gold nanospheres of the same size. They have 
been shown to be useful for a variety of potential applications in photothermal abla-
tion therapy and molecular optical imaging. Wang et al. [45] first reported brain 
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vasculature PAI imaging using AuNS with 100-nm silica cores, 20-nm gold shells, 
and with an 800-nm peak absorption. A deeply penetrating pulsed laser at 800 nm 
was employed to image the vasculature architecture of a rat brain. Compared to the 
brain PAI image based on the endogenous optical contrast, the image acquired 
~20  min after three injections of the AuNS showed the brain vasculature with 
greater clarity. With the exogenous contrast agent, the optical absorption of the 
blood was increased and the contrast between the vessels and the background brain 
tissues was enhanced. By ~6 h after the third administration of AuNS, the optical 
absorption in the blood vessels decreased significantly. This was attributed to the 
clearance of the AuNS from the blood. The same group further reported high reso-
lution reflection-mode (backward-mode) photoacoustic microscopy (PAM) that 
noninvasively imaged progressive extravasation and accumulation of AuNS within 
a solid tumor in vivo [46]. This study took advantage of the strong NIR absorption 
of AuNS that extravasated from leaky tumor vasculatures via the “enhanced perme-
ability and retention” effect. With PAM, the three-dimensional AuNS distribution 
inside the tumor was visualized. Experimental results show that AuNS accumulated 
heterogeneously in tumors, with AuNS concentrated more in the periphery of the 
tumor and largely absent from the tumor core. This result is consistent with numer-
ous other observations that drug delivery within tumor cores is ineffective because 
of poor blood perfusion.

Au nanocages are synthesized from Ag nanocubes by a galvanic replacement 
reaction [47, 48]. Similar to AuNS, the SPR absorption peak of Au nanocages can 
be tuned throughout the VIS and into the NIR region. Three sequential injections of 
Au nanocages in rats showed a gradual enhancement of the optical absorption in the 
cerebral cortex of brain by up to 81 % [47]. Compared with silica-cored AuNS, Au 
nanocages seem to have advantages for PAI due to their absorption-dominant 
extinction, more compact sizes (<50 nm), and larger optical absorption cross sec-
tions. Gold nanorods have also been employed as contrast enhancement agents for 
PAI owning to their strong absorption in the NIR range [49–55].

Hollow gold nanospheres (HAuNS) is a novel gold nanostructure consisting of 
only a thin Au wall with a hollow interior [56]. This type of gold nanostructures has 
the unique combination of being small in size (outer diameter, 40–50 nm), having 
spherical shape, a hollow interior, and a strong and tunable absorption band in the 
NIR region (Fig.  2). HAuNS are synthesized using cobalt (Co) instead of silver 
(Ag) NPs as sacrificial templates. The outer diameter of HAuNS is controlled by the 
diameter of the Co NPs, whereas the interior-cavity size is controlled by the stoi-
chiometric ratio of HAuCl4 and the reducing agents. HAuNS are coated with poly-
ethylene glycol (PEG, MW 5000) to increase their blood circulation half-life. We 
evaluate the use of these PEGylated HAuNS as a contrast agent for PAI [57]. Our 
phantom study (Fig. 2d, e) revealed that the PAI of HAuNS was brighter than that 
of whole blood, aqueous solutions of CuSO4 and India ink. Even though blood had 
optical density 2.3-fold greater than that of HAuNS in water suspension, the PA 
brightness of HAuNS was 2.5-fold greater than that of blood, indicating higher PA 
efficiency of HAuNS than that of blood.
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PAI of the cerebral cortex of a mouse before contrast injection showed only 
large vessels (e.g., the middle cerebral artery, distributed along the mouse brain 
cortical surface) (Fig. 3a, arrow). This is because oxyhemoglobin and deoxyhemo-
globin display weak PA signal at 800 nm. However, 5 min after the injection of 
PEGylated HAuNS, the PAI image revealed the brain vasculature with much 
greater clarity, especially for small blood vessels (Fig. 3b, c). This enhanced clarity 
was attributed to the strong PA signal generated with HAuNS. This is better appre-
ciated in differential images (Fig. 3d, e) obtained by subtracting the preinjection 
image from the postinjection images pixel by pixel. At 2 h post-injection, the PA 
images remained essentially unchanged, indicating a significant amount of HAuNS 
circulating in the blood (Fig. 3c, e). At higher magnification, PAI revealed not only 
the structure of large vessels (Fig. 4a, yellow-framed picture) but also small blood 
vessels (Fig. 4a, green-framed pictures) 2 h after HAuNS injection. Indeed, brain 
blood vessels in the superficial cortex as small as ~100 μm in diameter could be 
clearly seen (Fig. 4a, arrows). HAuNS were confirmed to be located on the luminal 

Fig. 2  (a) TEM image of PEG-HAuNS (Bar, 50 nm). The average outer diameter was 45 nm, and 
thickness of the shell was 2.5 nm. (b) Absorbance spectrum of PEGHAuNS in water, which peaked 
at 800 nm. (c) Theoretically calculated absorption and scattering spectra of PEG-HAuNS with 
water core having dielectric permittivity of 1.77. The inner core diameter was 40 nm and gold shell 
thickness was 2.5 nm, whose values are consistent with those shown in TEM. (d) Tomographic 
image of a tissue mimicking phantom made of poly(vinyl-chloride) plastisol with four embedded 
tubes filled with optically absorbing liquid media. (e) Quantitative analysis of the photoacoustic 
image brightness through the cross-section of each tube from (d). The color scale was designed in 
three steps: from black to blue/green to red. All tubes with different levels of brightness reflected 
in the object diameter. Reprinted with permission from Ref. [57]
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side of the blood vessels (Fig. 4b, c). There was no particle extravasation into the 
brain parenchyma. This was attributed to the blood–brain barrier, which has 
been shown to impede the penetration of such particles. Thus, the long-circulating 
PEG-HAuNS enhanced the contrast between the blood vessels and the brain 
parenchyma [57].

Integrin αvβ3 is known to be overexpressed in the angiogenic blood vessels of 
solid tumors. Lu et  al. [58] showed that intravenous injection of cyclic peptide 
c(KRGDf)-coated HAuNS targeting αvβ3 permitted PAI of orthotopically inocu-
lated U87 glioma in nude mice (Fig. 5). Quantitative analysis confirmed that the 
mean PA signal ratio between the tumor and the contralateral normal brain at 24 h 
after c(KRGDf)-HAuNS injection was approximately twice as high as that obtained 
from precontrast images (without contrast agent injection). In comparison, no 
change in PA signal ratio between the tumor and the normal brain was observed 
before and after intravenous injection of the nonspecific PEG-HAuNS (Fig.  5). 
These data indicate that selective binding of c(KRGDf)-HAuNS to both tumor cells 
and tumor endothelial cells enhanced PAI of U87 glioma. c(KRGDf)-HAuNS also 

Fig. 3  Noninvasive PAI imaging of a mouse brain in vivo employing PEG-HAuNS and NIR light 
at a wavelength of 800 nm. Photoacoustic image acquired (a) before, (b) 5 min after, and (c) 2 h 
after the intravenous injection of PEG-HAuNS. (d, e) Differential images that were obtained by 
subtracting the preinjection image from the post-injection images (Image d = Image b–Image a; 
Image e = Image c–Image a). Arrow, middle cerebral artery. Bar = 2 mm. (f) Open-skull photo-
graph of the mouse brain cortex obtained after the data acquisition for PAI. Bar = 2 mm. Reprinted 
with permission from Ref. [57]
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mediated a selective photothermal ablation of U87 tumor, leading to a significant 
increase in overall survival of tumor-bearing mice compared to mice treated with 
laser alone or c(KRGDf)-HAuNS alone [58]. These results suggest that PAI may be 
used to guide photothermal ablation therapy mediated by the same nanoparticle 
targeted to tumor vasculature and tumor cells.

By integrating multiple functions into a NP’s design, it is possible to use the 
same nanostructure for multimodality imaging applications. Along this line of 
research, Zhou et al. [59] reported dual PAI and magnetic resonance imaging (MRI) 
after intravenous administration of superparamagnetic iron oxide (SPIO)-containing 
gold nanoshells (SPIO@AuNS). Here, PAI was used to delineate tumor vasculature, 
while T2-weighted MRI was used to monitor therapeutic effects after photothermal 
therapy mediated by SPIO@AuNS. Gadolinium (Gd)-doped, gold-speckled silica 
NPs were synthesized as multimodal nanoparticulate contrast agents for noninva-
sive imaging using both PAI and T1-weighted MRI [60].

Fig. 4  (a) Enhanced PA signals revealed clear and detailed structure of large (yellow-framed pic-
ture) and small (green-framed picture) blood vessels in the mouse brain at higher magnification 2 h 
after intravenous injection of PEG-HAuNS. Arrows represent the small blood vessels with a diam-
eter of about 100 μm, which can be seen in the contrast-enhanced images. (b–d) Distribution of 
PEG-HAuNS in brain vessels 2 h after injection (Bar = 10 μm). Brain vessels were stained with 
anti-CD31 antibody (red fluorescence), while the scattering signals of gold particles were detected 
under a dark field (pseudo-green). Z-stack images showed the particles located on the luminal side 
of brain blood vessels (b, c). In brain capillaries, three-dimensional reconstruction images show 
that the particles colocalized or stayed adjacent to the brain capillary endothelial cells (d). 
Reprinted with permission from Ref. [57]
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5  �Copper Sulfide Nanoparticles and Carbon Nanotubes

NIR light at 1064 nm lies on the second window in the NIR region that encounters 
less tissue attenuation by the absorption of hemoglobin and water. Among the 
pulsed lasers emitting NIR light, the Q-switched Nd:YAG laser, which emits laser 
light at 1064 nm, can provide high pulsed energy with a nanosecond pulsed widths. 
In fact, its second harmonic radiation at 532 nm is usually employed to pump other 
lasing media, such as Ti:Sapphire, to obtain tunable laser output in the NIR region. 
The laser energy conversion efficiency is characteristically around 10 % (~50 % of 
second harmonic generation and ~20 % of other lasing media). This means that with 
a typical laser output of ~1  J/pulse at 1064  nm from a commercial Q-switched 
Nd:YAG laser, only ~100 mJ/pulse maximum output can be obtained at 800 nm, 
which is within the first biological tissue window. With 10 times greater available 

Fig. 5  (a) Scheme for c(KRGDf)-PEG-HAuNS bioconjugation. (b) c(KRGDf)-PEG-HAuNS char-
acteristics on transmission electron microscopy (bar, 20 nm) and UV–Vis spectrum (measured in 
water). (c) PAI images of U87 human glioma in mouse brains before (0 h) and 24 hours after i.v. 
injection of NPs (bar, 5 mm). Photographs of corresponding mouse brains were used to confirm tumor 
location. Arrows, locations of tumors; L left. (d) PA signal intensity ratio of tumor-to-contralateral 
brain in mice before (0  h) and 24  h after injection of HAuNS.  Data arepresented as mean = SD. 
c(KRGDf)-PEG-HAuNS group, n = 5; PEG-HAuNS group, n = 4. *, significant difference between 
precontrast and 24-h postcontrast groups (p < 0.05). Reprinted with permission from Ref. [58]
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laser pulse energy, a 1064-nm laser would have a much higher fluence rate than that 
of an 800-nm laser pulse (which is generated with a 532-nm pump and an additional 
lasing medium) at a depth ≤50 mm. Higher laser energy should translate to a stron-
ger PA signal, higher SNR, and greater field-of-view. However, at 1064 nm, blood 
vasculature or tumor cells have little specific optical absorption that clearly distin-
guishes them from other normal organ structures.

Towards the goal of enhancing the sensitivity and specificity of PAI at the 
1064 nm wavelength, we recently reported the use of copper sulfide NPs (CuS NPs) 
as a new class of contrast agent for deep-tissue PAI. CuS NPs display optical absorp-
tion tunable to 1064 nm and are much smaller (diameter <15 nm) than plasmonic 
Au nanostructures, which should be preferable for imaging extravascular tumor 
cells [61]. CuS NPs are readily synthesized in aqueous solution by reacting CuCl2 
and Na2S in the presence of various stabilizers [62, 63]. Preliminary PAI studies 
were conducted with PEG-coated CuS NPs dispersed in 10 % polyacrylamide gel 
embedded in fresh chicken breast. The CuS NP targets in this phantom could be 
clearly visualized at ∼5 cm depth from the laser irradiation surface. Figure 6 shows 
in vivo PAI images of a mouse brain acquired with green light at 532 nm without 
exogenous contrast (Fig. 6a) and with NIR light at 1064 nm using PEGylated CuS 
NPs as a contrast agent (Fig. 6b, c). Hemoglobin is the major chromophore in bio-
logical tissues and has strong absorption of green light at 532  nm. As has been 
shown before with PEG-HAuNS (Fig. 5), the superficial vascular structures of the 
mouse brain, such as the veins and arteries in the cerebral and temporal lobes, could 
be clearly visible with green light (Fig. 6a). However, green light cannot penetrate 
deeply because of strong tissue absorption and scattering at short wavelengths. On 
PAI images of the mouse brain acquired at 1064 nm, only the sagittal and transverse 
sinuses were visualized; blood vessels were not discernible because of the lack of 
contrast between blood vessels and the brain parenchyma (Fig. 6b, c). A nodule on 
the left cerebral cortex that was injected intracranially with 15 μL of an aqueous 
solution of CuS NPs (2 OD) 24 h before PAI acquisition was clearly seen, which 
dissolved 7 days after CuS NP injection because CuS NPs were cleared from the 
injection site (Fig. 6b, c). These studies confirm that CuS NPs were effective PAI 
contrast agent at 1064 nm and may be used for molecular PAI imaging of tumor and 
angiogenic blood vessels when these NPs are decorated with appropriate ligands.

The blood vessel network of a tumor regulates the supply of nutrients and oxy-
gen to the cancer cells, affects their survival and growth, and influences the response 
of the tumor to therapy. Noninvasive in vivo studies of the tumor blood vasculature 
are therefore of interest in fundamental cancer research and the development of new 
drugs and other therapies. To test whether PEG-CuS NPs can be used as an 
exogenous contrast for PAI of tumor vasculature, we used the orthotopic 4 T1 mam-
mary tumor model. Without contrast agent, several large vessels could be seen, 
probably due to light absorption by hemoglobin and water molecules at 1064 nm 
(Fig. 7a) [64]. However, smaller blood vessels are not discernible. At 5 min and 2 h 
after intravenous injection of PEG-CuS NPs (2 OD), blood vessel structures, includ-
ing smaller vessels, were more clearly visualized (Fig. 7b, c), indicating increased 
vasculature contrast after PEG-CuS NP injection. PAI images acquired at 1064 nm 
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Fig. 6  Representative in vivo PAI images of a mouse brain. Images were acquired using laser light 
(a) at a wavelength of 532 nm without exogenous contrast, (b) at 1064 nm 24 h after intracranial 
injection of 15 μL of CuS NP solution, and (c) at 1064 nm 7 days after intracranial injection of 
15 μL of CuS NP solution. (d) Photograph of the head of the mouse. Laser light was delivered from 
the top. Reprinted with permission from Ref. [61]
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Fig. 7  Representative in vivo PAI images of a 4T1 mammary tumor grown in the mammary fatpad 
and corresponding PA signals (n = 3). Images were acquired using ns-pulsed laser light at a wave-
length of 1064 nm (a) before CuS NP injection, (b) 5 min after intravenous injection of 200 μL of 
CuS NP solution (100 μg mL − 1, 2 OD), and (c) 2 h after intravenous injection of 200 μL of CuS 
NP solution. (d–f) PA signal traces correspond to the white lines in the respective PA images. 
Reprinted with permission from Ref. [64]
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with PEG-CuS NPs suggest that this contrast agent is a promising platform for PAI 
of tumor blood vessels. An interesting aspect of the studies by Zhou et al. [64] was 
the incorporation of 64Cu, a positron emitter to the same CuS NP matrix without the 
use of any radiometal chelator, which permitted simultaneous micro-positron emis-
sion tomography (μPET) imaging and quantification of tumor uptake of PEG-CuS 
NPs. Such a dual-modality imaging approach enabled by a single contrast agent is 
expected to provide much needed complimentary information that cannot be readily 
acquired with a single imaging modality.

Several other attempts have been made to increase signal intensity for PAI con-
trast agents. For example, conjugating small optical dye molecules to single-walled 
carbon nanotubes (SWNT-dye) led to sub-nanomolar sensitivity for PAI [65]. The 
dyes used for conjugation includes indocyanine green (ICG), methylene blue (MB), 
QSY21 (QSY), and cyanine (Cy5.5). Studies have shown that dye-containing SWNT 
had much higher optical absorption in the far red and NIR region than SWNT with-
out dyes. Tumors in mice injected with RGD peptide-coated, dye-conjugated 
SWNT targeted integrin αvβ3 in angiogenic blood vessels, leading to a threefold 
increase in PA signal intensity compared to tumors in mice injected with the untar-
geted SWNT-dye [65]. These and other studies demonstrate that with appropriate 
nanoparticle design, it is possible to improve the sensitivity of PAI to picomolar 
concentration [51, 57, 66].

6  �PA Imaging of Sentinel Lymph Nodes and Atherosclerotic 
Plaques

In addition to imaging vasculature and tumor blood vessels, various gold nanostruc-
tures are also studied as possible PAI contrast agents for mapping of sentinel lymph 
nodes (SLNs) [48, 55], ex vivo imaging of joint tissue [67], monitoring of drug 
release [68], and characterization of macrophages in atherosclerotic plaques [69, 
70]. PAI of SLNs is worth noting in particular. The SLN, the first lymph node receiv-
ing drainage from the tumor is believed to be most likely to be positive for metasta-
ses. SLN biopsy has been used in the clinic as the preferred method for tumor 
staging. Before a biopsy can be taken for staging purposes, SLN must be identified. 
Current methods for SLN mapping typically use a blue dye (e.g., isosulfan blue or 
methylene blue) or radioactive colloids (e.g., technetium-99 or 99mTc). However, 
these approaches require either invasive techniques to visualize the blue stain or 
specialized facilities to deal with potentially hazardous radioactive components. 
Therefore, techniques such as PAI that can map SLNs without surgery or radioactiv-
ity are highly desirable. Using Au nanocages as the PAI contrast agent, Song et al. 
[48] have shown that SLNs could be readily imaged with PAI in the context of the 
surrounding vasculature and within ~3 mm below the skin surface of a rat (Fig. 8). 
By placing chicken breast tissue on top of the rat skin, a further study showed that 
the SLN could be imaged with good contrast as deep as 33 mm below the skin sur-
face, which is significantly deeper than the ~12 mm depth of SLNs in humans.
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Fig. 8  Depth capability of noninvasive PA SLN mapping in another rat, demonstrating potential 
for clinical use. PA sagittal MAP images before (a) and after (b−e) the injection: (a) control image; 
(b) 28 min; (c) 126 min with a layer of chicken breast tissue placed on axillary region, providing a 
total imaging depth of 10 mm; (d) 165 min with the second layer of chicken breast tissue, provid-
ing a total imaging depth of 21 mm; (e) 226 min with the third layer of chicken breast tissue, pro-
viding a total imaging depth of 33 mm. (f) PA B-scan with 20 times signal average, showing the 
SLN located 33 mm deep. Memory of the acquisition system limited the record length in depth. (g) 
Amplitude variations of PA signals over imaging depths. Data were scaled down to 0 dB and nor-
malized by the maximum. Error bar represents standard deviation. All images were acquired with-
out signal averaging except the B-scan (f). Colorbars represent the optical absorption. BV blood 
vessel, SLN sentinel lymph node. Reprinted with permission from Ref. [48]



351

Plasmonic gold NPs (Au-NPs) have been investigated as a contrast agent for 
macrophage detection in atherosclerotic plaques. The aggregation of Au-NPs inter-
nalized by macrophages causes a red shift in the particles’ optical absorption spec-
trum. By utilizing enhanced absorption induced by plasmon resonance coupling, 
intravascular photoacoustic (IVPA) imaging at 680 nm can detect the signal from 
macrophages highlighted by aggregated Au-NPs (Fig. 9) [69, 71]. Here, the spectral 
difference in optical absorption between the aggregated and non-aggregated Au-NPs 
offers a mechanism to image macrophages. By employing multiwavelength mea-
surements, IVPA imaging of a tissue phantom shows that aggregated NPs can be 
differentiated from the surrounding tissue. Thus, it is possible to identify the presence 
and the location of NPs associated with macrophage-rich atherosclerotic plaques.

7  �Summary and Outlook

PAI imaging is a powerful and emerging noninvasive hybrid modality which pro-
vides three-dimension imaging with high spatial resolution. PAI with vasculature 
contrast agents can be used to perform noninvasive angiography, assess angiogen-
esis, quantify and measure the spacing of blood vessels, and measure blood volume 
and flow. PA signal amplitudes can be greatly enhanced with exogenous contrast 
agents, especially those leveraging NPs with strong absorption in the NIR region. 
These NPs usually display large absorption cross sections within the optical win-
dow of biological tissues. They have been successfully applied as intravascular con-
trast agents for PAI in various animal models to enhance the contrast between blood 

Macrophages
loaded with NPs Gelatin

Lumen

NPsMacrophages

Fig. 9  Optical images of (a) intact murine macrophages and (b) murine macrophages conjugated 
with gold NPs. (c) Diagram of the tissue-mimicking phantom and (f) the corresponding intravas-
cular ultrasound (IVUS) image. IVPA images of the same cross-section of the phantom taken at (d) 
532 nm and (e) 680 nm. Overlaid IVUS and IVPA images of the phantom acquired at (g) 532 nm 
and (h) 680 nm, indicating the origin of the PA responses in the upper-left quadrants of the IVPA 
images. Reprinted with permission from Ref. [69]
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and surrounding tissues, allowing more detailed vascular structures to be imaged at 
greater depths. Combined with NIR light absorbing NPs decorated with ligands 
directed at tumor cell surface receptors, these NPs provide not only a promising 
platform for vasculature imaging, but also the opportunity for molecular PAI imag-
ing. However, there are still some challenges in translating these techniques into 
clinical use. For example, to be clinically relevant, the penetration depth of the PAI 
imaging, the high cost of nanomaterials’ preparation, and the toxicity of the nano-
materials currently present unresolved concerns. Recent attempts to reduce poten-
tial long-term side effects of nanoparticle-based PAI contrast agents have been 
made with some success by developing renally clearable NPs. For example, we 
reported the synthesis and characterization of ultrasmall CuS NPs (diameter <6 nm) 
that can be readily cleared from the body via the renal-urinary route over a period 
of 24 hours [72]. Song et al. [73] reported Au nanorods (dimension: ≈8 nm × 2 nm) 
embedded in biodegradable poly(lactic-co-glycolic acid) NPs (~60 nm in diameter) 
that could be cleared from the body over a period of 10 days. These NPs may be 
adapted for PAI because they all have strong absorption in the NIR region. Through 
synergistic combination with other imaging modalities (i.e., Raman imaging, MRI, 
PET), PAI may offer complementary information with greater resolution and/or 
detection sensitivity [74–79]. Successful translation of PAI to the clinic requires a 
practical PAI system that efficiently penetrates biological tissues and a contrast 
agent with optical absorption peaks at or near the wavelength of the laser source. It 
is expected that progress on both of these fronts will eventually make it possible to 
introduce PAI to the clinic for guiding individualized therapy for cancer patients.
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1           Introduction 

  Cardiovascular diseases (CVD)   are the leading cause of death, accounting for nearly 
1 in 3 deaths in the developed world today. In the USA, approximately 35.1 % of 
adults have at least one cardiovascular disease, and this number is expected to rise 
to 43.9 % by 2030 [ 1 ]. Cardiovascular disease is a broad defi nition that covers sev-
eral pathologies including stroke, high blood pressure, heart failure, and coronary 
artery disease (CAD). Nearly half of the total deaths from CVD arise from CAD 
which includes angina pectoris,  atherosclerosis   of the coronary arteries, myocardial 
infarction, and ischemic heart disease [ 2 ]. The majority of imaging studies  presented 
here focuses on these coronary  artery   disease-related pathologies. 
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 In the clinic, cardiovascular  diseases   are typically diagnosed and monitored 
using an X-ray based imaging technique known as  computed tomography  . Imaging 
using this technique is done together with injection of  iodinated contrast agents  , 
which make the blood visible, thus delineating the heart and coronary arteries. 
These iodinated agents have a number of drawbacks such as swift clearance, lack of 
specifi city, and causing adverse effects in some patients [ 3 ]. These drawbacks and 
the advent of the use of  nanotechnology   in medicine (nanomedicine) have spurred 
the development of a raft of new nanoparticle based contrast agents for CT [ 4 ]. As 
we explain below, these agents offer advantages such as long blood circulation 
times, high payloads, multifunctionality, site-specifi c imaging, and potentially 
improved biocompatibility. 

 In this chapter, we fi rst provide background on the characteristics of coronary 
artery disease. We next describe the principles of computed  tomography   and the 
contrast agents currently used for this technique in the clinic. We then discuss novel 
 nanoparticle   contrast agents for CT. Agents based on a range of elements are covered 
(iodine, gold, bromine, bismuth, tantalum, and others). We describe agents designed 
to provide vascular contrast and agents that are targeted to specifi c features of inter-
est within blood vessels. Examples featuring novel CT technologies are included, 
such as spectral CT. We explain certain studies in detail via the use of fi gures.  

2      Coronary Artery Disease   

 Coronary artery disease is the progression of  atherosclerosis   in the coronaries such 
that it leads to clinical manifestations, i.e., ischemic heart disease and myocardial 
infarction.  Atherosclerosis   is prevalent in areas of high oscillatory fl ow and low 
endothelial shear stress, indicating that initiation of  atherosclerosis   may be due to 
localized mechanical stresses [ 5 ,  6 ]. These local fl ow conditions allow for the accu-
mulation of circulating  low density lipoproteins (LDL)   into the intima. Oxidation of 
these LDL particles leads to the activation of the endothelium, increasing the expres-
sion of surface adhesion molecules [ 7 ,  8 ]. Increased expression of vascular cell 
adhesion molecule (VCAM) and intercellular cell adhesion molecules (ICAM) pro-
mote the adherence of circulating leukocytes [ 9 – 11 ]. Subsequently, a chemokine 
gradient drives the migration of these adhered leukocytes into intima.  Infl ammatory 
monocytes   play a key role in the progression of  atherosclerosis   and have been found 
to be recruited into the intima through chemokine gradients for MCP-1 (CCR2 
receptor), fractalkine (CX3CR1 receptor), and CCL5 (CCR5 receptor) [ 12 – 14 ]. In 
the intima,  monocytes   differentiate into phenotypical  macrophages   and begin 
engulfi ng oxidized LDL particles. These lipid particles accumulate in the macro-
phages, eventually becoming foam cells, which are thus named due to their appear-
ance under microscopy [ 15 ]. Foam cells promote the destabilization of the 
surrounding extracellular matrix (ECM) through the release of proteolytic enzymes, 
including matrix metalloproteinases (MMP) and cathepsins [ 16 ]. The chronic 
buildup of foam cells and other cells, such as altered smooth muscle cells migrating 
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from the media, increases the chances of plaque rupture [ 17 ]. The progression of 
atherosclerosis from initiation through to plaque rupture offers a number of targets 
for imaging that may provide improved diagnoses or increase our knowledge of the 
disease. Including imaging modalities such as  magnetic resonance imaging (MRI)  , 
fl uorescence and positron emission tomography, there have been reports of imaging 
oxidized LDL for endothelial dysfunction [ 18 ], cell adhesion molecules for endo-
thelial activation [ 19 ], monocytes/macrophages for infl ammation [ 20 ], proteases for 
ECM disruption [ 21 ], integrins for angiogenesis [ 22 ], and fi brin for thrombosis 
[ 23 ]. Calcifi cation of atherosclerotic plaque provides a useful clinical target for CT 
imaging. Coronary artery calcium scoring measures the area of individual calcifi ed 
plaques and multiples it by a factor based on the highest attenuation value found in 
the area. Coronary artery calcium score is strongly associated with future clinical 
events but the presence of non-calcifi ed and partially calcifi ed plaques diminishes 
its predictive value [ 24 ,  25 ]. 

 The buildup of  plaques   may eventually lead to rupture, which releases the con-
tents of the plaque into the circulation. The contents of the plaque such as necrotic 
cells and cell debris induce the formation of a thrombus, which can occlude the 
artery [ 26 ]. Such an occlusion occurring in the coronary artery can result in an acute 
myocardial infarction. The myocardium downstream of the occlusion may become 
ischemic, which can lead to necrosis. If the occlusion is resolved, complications 
involved in the wound healing process of the injured myocardium present additional 
targets for imaging [ 27 ,  28 ]. For example, several groups have published studies 
focused on imaging myocyte necrosis and apoptosis, which occurs under ischemic 
conditions [ 29 ,  30 ].  Monocytes   are recruited to the infarct site as part of the wound 
healing process, but the benefi t of their presence in the injured myocardium is 
debated [ 31 ]. Therefore, there is interest in monitoring the recruitment of mono-
cytes into the infarct site to elucidate their role [ 32 ,  33 ]. Similarly to the progression 
of coronary artery disease, proteases [ 34 ], extracellular matrix [ 35 ], and angiogen-
esis [ 36 ] can be informative imaging targets after a myocardium infarct. 

 Imaging plays an important role in the diagnosis and study of cardiovascular 
 disease   and each noninvasive imaging modality has its own advantages and weak-
nesses. Plaques in the coronary arteries are relatively small, requiring high spatial 
resolution for imaging. Additionally, cardiac and respiratory motions present a chal-
lenge for image acquisition. Magnetic resonance imaging provides excellent soft 
tissue contrast, but suffers from long image acquisition times, preventing imaging 
of the coronary arteries from being performed in a single breath hold to limit respi-
ratory motion. Moreover,  MRI   of the coronary arteries lacks information on plaque 
calcifi cation and cannot quantify the extent of the disease [ 37 ]. MRI is not routinely 
used for coronary artery imaging in clinical practice. Positron emission tomography 
can provide functional cardiac information with the use of radioisotope  contrast 
agents   [ 38 ]. Radiolabeled contrast agents typically have short-half-lives, which 
increases the complexity of their distribution from production centers. The use of 
PET for coronary artery  disease   continues to expand but still remains extremely 
limited clinically [ 39 ].  18F-fl uorodeoxyglucose (18F-FDG)   has been used as a mac-
rophage marker and subsequent marker of infl ammation in  atherosclerosis   [ 40 ]. 
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However, the low spatial resolution of PET has caused concern about reliability 
when quantifying 18F-FDG uptake in the coronary  plaque   [ 41 ]. 18F-sodium fl uo-
ride has also been explored as a PET marker for arterial calcifi cation [ 42 ]. For both 
contrast agents, low spatial resolution, motion, and off-target uptake typically limit 
PET studies to evaluation of plaque only in larger arteries such as the carotids or 
thoracic aorta. As we explain below, the modality of choice for clinical imaging of 
coronary artery  disease   is  computed tomography  .  

3     Computed  Tomography   

 Computed tomography has unique advantages for visualizing the coronary arteries 
that make it an excellent modality for this application. CT relies on X-rays that are 
produced by accelerating electrons from a cathode towards an anode, which is typi-
cally made of tungsten. The impacting electrons, depending on their energy, produce 
X-rays in the form of bremsstrahlung and characteristic radiation. In  bremsstrahlung 
radiation  , the incoming electron path is diverted by interaction with the nuclei, con-
verting lost kinetic energy into an X-ray. In the case of characteristic radiation, the 
incoming electron ejects an inner-orbital electron of the atom. An electron from an 
outer orbital fi lls the vacancy while releasing a characteristic X-ray. For imaging 
applications, X-rays from the generating source interact with the object of interest in 
two primary mechanisms, Compton scattering and the photoelectric effect. For 
 Compton scattering  , the incoming X-ray transfers a portion of its energy to an outer 
shell electron which causes the X-ray to scatter in a different direction. For CT energy 
levels, the primary form of interaction between X-rays and the subject is the photo-
electric effect. The incoming X-ray ejects an inner shell electron of the atom, typi-
cally of the k or l shell. An outer shell electron fi lls the inner-shell vacancy and 
produces a characteristic X-ray. The  photoelectric effect   occurs when the energy of 
the incoming X-ray is higher than the binding energy of the inner-shell electron, also 
known as the  k-edge   or  l-edge energy  . The photoelectric effect produces a signifi cant 
jump in mass attenuation, improving contrast for imaging. For CT  contrast agents  , 
imaging with peak voltages higher than the k-edge energy of the X-ray attenuating 
agent improves contrast enhancement between the agent and surrounding tissue. 
X-ray attenuation is quantifi ed by the Hounsfi eld scale which defi nes Hounsfi eld 
units (HU) = 1000 × ( μ  −  μ  water )/( μ  water  −  μ  air ), where  μ  is the linear attenuation coeffi -
cient of the corresponding  material  . The  Hounsfi eld scale   standardizes the attenua-
tion of a material in reference to the attenuation of water (HU = 0) and air (HU = −1000). 

 CT is the current clinical gold standard for noninvasive detection of coronary 
stenosis. The coronary arteries in humans are approximately 4–5 mm in diameter 
proximally, tapering rapidly to less than 1 mm, mandating high spatial resolution 
for imaging. A variety of adjustable factors including slice thickness, reconstruction 
parameters, and fi eld of view can affect spatial resolution in  CT  ; most modern scan-
ners are capable of producing resolution of 0.5 mm or less in each dimension [ 43 ]. 
Moreover, cardiac and respiratory motion can be overcome by the fast temporal 
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resolution of CT and a volume coverage allowing imaging of the entire heart to be 
acquired in a single breath hold. Increases in the number of detectors and improve-
ment in gantry rotation speed in CT scanners has considerably improved the tempo-
ral resolution over the past two decades. Modern clinical 64-detector CT systems 
are capable of sub-200 ms resolution [ 44 ], while the newest CT scanners are capa-
ble of sub-100 ms temporal resolution [ 45 ]. Synchronization of the acquisition to 
the  electrocardiogram (ECG)   signal can be used to reduce artifacts from heart 
motion [ 46 ]. ECG synchronization can be performed using two methods, prospec-
tive triggering and retrospective gating. Prospective triggering acquires images at a 
predefi ned portion of the R-R interval, while retrospective gating acquires images 
throughout the cardiac cycle, allowing for image reconstruction at any phase of the 
heartbeat, but at the cost of a higher radiation dose. 

 CT can quickly image the coronary arteries and exclude coronary artery  disease   
from patients presenting with chest pain [ 47 – 49 ]. CT allows for post-processing of 
cross-sectional scans to create improved visual information, such as that seen in the 
3D renderings of coronary arteries shown in Fig.  1  [ 50 ]. The applications of cardiac 
CT for plaque characterization include calcium scoring, determination of noncalci-
fi ed plaque volume, and extent of stenosis [ 51 ]. These parameters can be assessed 
with  CT angiography (CTA)  , a noninvasive CT scan using  contrast agents   to visual-
ize arterial fl ow. The plaque characteristics that can be derived from CTA can be used 
to identify patients at high risk of a signifi cant cardiac event. High risk plaques fea-
tures that can be visualized with CTA include stenosis ≥ 50 %, positive remodeling, 
low HU, napkin ring sign, and spotty  calcium   [ 52 ]. A novel application of cardiac CT 
angiography is noninvasive determination of the hemodynamic signifi cance of an 
observed stenosis.  Fractional fl ow reserve (FFR)   describes the pressure difference 
across an arterial stenosis as compared to the pressure in the absence of a  stenosis 

  Fig. 1    Clinical  CT   scans and 3D reconstructions of human hearts displaying high spatial resolu-
tion and anatomical features of cardiovascular  disease  . ( a ) Cross-sectional CT image of the heart. 
 White arrow  indicates regions of calcifi ed plaques in the coronary artery. ( b ) CT scan showing 
region of non-calcifi ed plaques in the right coronary artery. ( c ) 3D reconstruction of the heart from 
CT images, with the  left arterial descending (LAD)   coronary artery in proximal view       
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and can be measured directly with catheter angiography [ 53 ]. However, advance-
ments in computer modeling has allowed calculations of fl uid dynamics from CTA 
scans for accurate determination of coronary fl ow and pressure without the need for 
an invasive procedure. CTA-derived computational models of FFR have been shown 
to have higher accuracy of determining the impact of stenoses than CTA based mea-
surements of stenosis dimensions alone [ 54 ]. The myocardium can also be visualized 
with high resolution allowing for detection of abnormal morphology in the chambers 
of the heart and valves [ 55 ]. Moreover, the degree of injured myocardium after an 
infarct can be determined due to the changes in the thickness and/or scar formation 
of the myocardium [ 56 ].

4         Contrast Agents for CT      

 CT contrast agents play a key role in cardiovascular CT scans; the use of contrast 
agents in CT can improve the delineation between different soft tissues and is criti-
cal for highlighting blood vessels. The primary mechanism for X-ray attenuation in 
CT is the photoelectric effect. At CT energy levels (25–140 keV), incoming X-rays 
have enough energy to interact with and eject inter-shell electrons (k or l shell) of 
the atom. Ejection of a k-shell electron produces a signifi cant increase in X-ray 
attenuation and allows for increased separation between tissue and contrast media. 
For this reason, CT contrast agents are typically high atomic number elements such 
as iodine, barium, gold, bismuth, and lanthanides that have  l   and/or k  edges   that are 
at much higher energies than tissue and are closer to diagnostic X-ray energies. 
However, CT suffers from low sensitivity to contrast agents, typically requiring 
millimolar local concentrations to produce contrast that can be distinguished from 
the background [ 57 ]. 

  Barium sulfate   is an agent used for imaging the gastrointestinal tract. The agent 
is typically swallowed and allows visualization of the digestive  system      [ 58 ]. While 
barium sulfate is limited to imaging of the GI tract, iodine based agents are widely 
used intravenously for a variety of applications.  Iodinated contrast agents (ICA)   can 
be used to visualize the vasculature as well as the organs such as the brain, heart, 
liver, and kidneys [ 59 – 61 ]. Clinical ICA are small molecules that are based on a 
tri- iodinated benzene ring. These types of structures reduce osmolality and toxicity 
compared with injections of iodide ion based agents. These iodinated rings are typi-
cally functionalized with amides and alcohol groups to provide water solubility, and 
can be monomers or dimers. These agents can be further categorized into ionic and 
non-ionic formulations which yield different properties in terms of toxicity and 
clearance from the blood stream. Regardless of the molecular structure of these 
agents, clinically approved ICA suffer from rapid renal clearance from the circula-
tion after intravenous injection, on the order of minutes [ 62 ]. Given this rapid clear-
ance, large amounts of contrast agent are often used for prolonged or multiple CT 
scans, with doses of 150 ml being used routinely [ 63 ]. Injecting large volumes of 
ICA increases the chance of severe renal impairment, known as  contrast induced 
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nephropathy  , in specifi c patient populations [ 64 ]. Contrast-induced nephropathy is 
more likely in patients with preexisting renal dysfunction [ 65 ], who are now 26 % 
of the US population over 65 [ 66 ]. This proportion is expected to increase in the 
coming years, since renal dysfunction is common in diabetics and the prevalence of 
diabetes is predicted to rapidly rise [ 67 ,  68 ].  Iodinated contrast agents   also can com-
monly cause adverse reactions in patients ranging from mild symptoms including 
nausea and vomiting to severe reactions such as anaphylaxis [ 69 ]. 

 These issues with agents have created interest in developing new contrast agents 
for CT.  Nanotechnology   has been the primary source of new  contrast agents for CT     , 
since  nanoparticle   platforms allow for increased payload delivery, longer circula-
tion times, targeted agents, and straightforward integration of multiple properties 
(e.g., drugs or additional contrast media) [ 70 – 74 ]. New agents are also being sought 
that have less adverse effects than current clinical agents. Researchers are able to 
control the size, shape, and surface properties of  nanoparticles  , which can drasti-
cally alter the biological interactions of these agents. For instance, while small mol-
ecules are rapidly cleared through renal fi ltration, a nanoparticle can be precisely 
synthesized to a size >10 nm, reducing renal clearance and therefore increasing 
circulation time. Additionally, control of the surface properties of the particle can 
allow for increased circulation  time      [ 75 – 78 ], or specifi c targeting to tissue [ 79 – 81 ]. 
With control over these properties, nanotechnology offers an effective solution to 
designing contrast agents with desirable properties for specifi c applications.  

5     Nanoparticles for CT Imaging of Cardiovascular  Disease         

5.1      Iodinated Contrast Agents   

 As mentioned, iodinated small molecule contrast agents are the most widely used 
class of agent in CT scanning. While different formulations (ionic vs non-ionic, 
dimer vs monomer) have slightly differing biocompatibility properties, they continue 
to suffer from rapid clearance and risk of adverse reactions [ 69 ]. Researchers have 
turned to  nanotechnology   to improve the properties of these iodinated agents. 
Incorporation of iodinated agents into  nanoparticles   such as  nano-emulsions  , 
 micelles  ,  liposomes  ,  dendrimers   have resulted in improvements in circulation time 
and biocompatibility. The structures of some of the nanoparticle agents used as CT 
 contrast agents   are displayed in Fig.  2 . Long blood circulation time of contrast agents 
may help to improve the assessment of cardiovascular health. A long circulating 
agent also can decrease the total dose necessary for an imaging procedure, potentially 
reducing the burden of the agent on the patient. The use of a blood pool contrast  agent   
for CT may provide information about coronary artery  disease   and progression, 
allowing visualization of the extent of stenosis in an artery and well as calcifi ed and 
non-calcifi ed plaques [ 25 ]. Use of a contrast agent also allows for assessment of car-
diac functions such as ejection fraction and stroke volume [ 43 ]. In addition, contrast 
agents are needed to highlight blood vessels during stent placement procedures.

Nanoparticles for Cardiovascular Imaging with CT



364

   To incorporate iodinated agents into  nanoparticles  , nano-emulsions have been 
formed with a hydrophobic core of iodinated oil.  Nano-emulsions   can be formed via 
simple synthetic  methods        , which produce stable iodinated particles and have been 
an attractive choice for iodinated contrast agents. An emulsion is formed with a suit-
able amphiphilic surfactant encapsulating an iodinated oil core. An iodinated oil 
called  Lipiodol   (also known as  Ethiodol  ) is FDA approved and consists of iodine 
combined with ethyl esters of poppy seed oil [ 83 ]. Because Lipiodol is hydropho-
bic, it has limited clinical uses (it is used as an agent for lymphangiography and 
trans-arterial chemoembolization) [ 84 ,  85 ]. To expand the applications of Lipiodol 
as a blood pool agent, Pluronic F127 and a  polyethylene glycol (PEG)   diamine were 
used to encapsulate Lipiodol into a nano-emulsion [ 86 ]. These particles, 150 nm in 
diameter, were shown to be thermodynamically stable and produce vascular CT 
contrast in the ventricles and major arteries for up to 4 h. 

 Nano-emulsions have also been reported where a mixture of phospholipids and 
cholesterol was used to surround the hydrophobic core, which consisted of iodin-
ated triglycerides. A nano-emulsion formed with endogenous oils and lipids was 
demonstrated as an effective contrast agent for hepatic imaging and is available as 
a commercial product known as  Fenestra LC ®    [ 87 ,  88 ]. The iodinated triglycerides 
making up the core of this nano-emulsion are rapidly metabolized by the liver 
[ 89 ]. To provide longer circulation as a blood pool contrast  agent  , the agent has 
been reformulated with PEG included at the surface of the particle to reduce 
uptake by hepatocytes, which is known as Fenestra VC ®  [ 90 ,  91 ]. As a blood pool 
agent, Fenestra VC ®  has been used to study cardiac function in mice, quantifying 
ejection fraction, stroke volume, and cardiac output [ 92 ]. In this study, Fenestra 
VC ®  provided vascular contrast for 3 h with a nearly 500 HU value difference 
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  Fig. 2    Schematic representation of  nanoparticle   platforms.  PEG   functionalized nanoparticles are 
less likely to be taken up by cells of the mononuclear phagocytic system, leading to longer circula-
tion half-lives. Reproduced with permissions from Ref. [ 82 ]       

 

P. Chhour et al.



365

between the blood and myocardium. Moreover, with the use of  Fenestra VC ®   , 
Detombe et al. studied cardiac function and ventricular remodeling in a mouse 
model of myocardial infarction. The group was able to assess systolic and diastolic 
volumes and ejection fraction noninvasively over the course of 4 weeks after myo-
cardial infarction [ 93 ]. Both studies utilized cardiac gating with micro- CT   to 
quantify cardiac function accurately. 

 While Fenestra formulations have been used successfully for  cardiac         applica-
tions, relatively poor inclusion of iodine by weight means that very large volume 
administrations of the agent are required (up to 40 % of total blood volume). To 
overcome this issue, researchers have used denser iodinated oils to improve iodine 
content in the formulations. Using, a dense tri-iodinated oil, de Vries et al. formed 
 nano-emulsions   using the amphiphilic polymer, poly(butadiene)-b-poly(ethylene 
oxide) (PBD-PEO) [ 94 ]. The agent was able to provide strong vascular contrast in 
the chambers of the heart of up to 220 HU directly after administration. Attenuation 
of the liver and spleen remained at high levels over the three hour observation period 
suggesting the mononuclear phagocytic system as the main clearance pathway for 
the agent. Novel approaches to increasing the density of iodinated oils continue to 
be explored [ 95 ,  96 ]. For instance, Attia et al. reported agents that contain up to 
65 % wt. of iodine via use of a hexa-iodinated monoglyceride and a  PEGylated   
nonionic surfactant [ 91 ]. This formulation showed clear delineation of the major 
arteries and heart chambers post-injection with a long circulation half-life of 6.1 h. 

  Micelles   are similar to  nano-emulsions  , in that they are self-assemblies of amphi-
philic molecules where the hydrophilic headgroups point outwards and the hydro-
phobic tails point inwards (Fig.  2i ). The main difference between emulsions and 
micelles is that there is not an oil core for micelles. Therefore, as CT  contrast agents  , 
iodinated molecules are typically linked to the hydrophobic tails of the amphiphiles, 
concentrating the iodinated moieties into the center of the micelle. This allows for 
encapsulation of high iodinated payloads [ 97 ]. There have been several reports of 
iodinated micelles used as blood  pool    contrast agents   [ 98 ]. Torchilin et al. reported 
the synthesis of micelles using iodine containing poly- L -lysine (MPEG-iodolysine). 
The  micelles   were approximately 80 nm in diameter with 33.8 % iodine content. 
The agent was injected intravenously and allowed for CT imaging of the aorta, 
heart, liver, and spleen for up to 3 h in rats [ 99 ]. 

 While  nano-emulsions   and  micelles   can carry hydrophobic contrast media, lipo-
somes are versatile platforms that can carry both aqueous and hydrophobic pay-
loads.  Liposomes   are synthesized through the use of amphiphilic lipids or polymers 
that self-assemble into  bilayers        . This architecture allows for encapsulation of hydro-
philic agents in the core as well as hydrophobic agents in the bilayer. One of the fi rst 
liposomal iodinated contrast agents was synthesized using  L -α-phosphatidylcholine 
and was loaded with a number of different aqueous iodinated agents [ 100 ]. The 
agent was injected intravenously as a blood  pool   contrast agent. Uptake of the lipo-
some was seen in the liver and spleen in a dose dependent manner with maximum 
attenuation of 240 HU seen at 1 h. Because these early liposomes provided strong 
contrast of the liver and spleen, it was primarily used to visualize tumors in these 
organs [ 101 ,  102 ]. 
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 With improvements to liposome design, most notably the modifi cation of amphi-
philic lipids/polymers with  PEG  , the diagnostic applications of liposomal  contrast 
agents   expanded [ 103 ]. The addition of PEG to liposomal formulations allows for 
signifi cantly increased blood circulation times improving their utility as a blood 
pool agents. One of the earliest reports of PEGylated liposomes, PEG- 
phosphatidylethanolamine (PEG-PE) liposomes, found that the addition of  PEG   
increased the blood time circulation to up to 5 h as compared to 30 min for non- 
PEGylated formulations. Iodinated  PEGylated   liposomes have been successful in 
providing strong vascular contrast of up to 900 HU in the aorta, as reported in a 
study by Mukundan et al. [ 104 – 106 ]. 

 With the use of liposomes, a signifi cant issue is the leakage of internal payloads 
through the lipid bilayer. Hydrophilic payloads have been found to diffuse through 
bilayers due to chemical gradients. To overcome this issue, some groups have added 
cholesterol to liposome formulations, which reduces the permeability of the lipo-
some and thereby decreases payload leakage [ 107 ,  108 ]. Additionally, direct iodin-
ation of the lipids used to form the liposome can be used to prevent internal leakage, 
since covalently binding iodine onto lipid constrains the contrast generating mate-
rial in the bilayer [ 109 ]. 

 Moreover by incorporating iodinated molecules into the lipid bilayer, the aque-
ous core can carry a separate payload including drugs for theranostics applications, 
another imaging agent for multimodal imaging, or more of the same agent for 
increased payload delivery. A study by Kweon et al. reported  liposomes   that were 
simultaneously loaded with iodinated contrast into both the core and lipid bilayer 
(Fig.  3a ) [ 110 ]. For lipid preparation, 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

  Fig. 3    ( a ) Schematic depiction of a liposomal formulation where  Lipiodol   is incorporated into the 
lipid bilayer and iopamidol is loaded into the core. ( b ) Iodine content of  liposomes   loaded with 
increasing concentrations of Lipiodol in the bilayer and with and without  iopamidol   in the core. 
The highest iodine loading was seen with inclusion of both Lipiodol and iopamidol as compared 
to Lipiodol alone. ( c ) Enhancement of aorta post-injection of Lipiodol and iopamidol containing 
liposomes indicated by white arrows. ( d ,  e ) Accumulation of iodinated liposomes in the ( d ) liver 
and ( e ) spleen. Reproduced with permission from Ref. [ 110 ]       
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(DMPC), cholesterol, and Lipiodol (iodinated oil) were mixed together before 
freeze- drying  . As mentioned above, cholesterol increases the rigidity of the lipid 
membrane decreasing leakiness of the  liposomes        . These lipids prepared together 
were used to encapsulate iopamidol (a water soluble iodinated agent) into the core 
of the liposomes. This dual loading procedure produced particles about 280 nm in 
diameter, and a solution whose iodine concentration was 49.2 mg/ml (Fig.  3b ). 
Inclusion of both Lipiodol and  iopamidol   was found to improve iodine content in 
the  nanoparticle   solution over either payload alone. Intravenous injection of the 
liposome produced strong contrast in the aorta after injection and was observed for 
up to 2.5 h (Fig.  3c ). Because of the lack of  PEG  , high uptake was seen in the liver 
and spleen, resulting in attenuation values of up to 684 HU for the spleen (Fig.  3d, 
e ). This study demonstrates the versatility of liposomes for contrast agent delivery.

    Dendrimers   are another platform that has been used to develop  contrast agents   
for  computed tomography  . Dendrimers are polymeric molecules formed through 
sequential branched growth steps termed “ generations  .” Each generation exponen-
tially increases the number of branches, isolating the core from the external environ-
ment. Additionally, the last generation of the branched sequence can be functionalized 
to confer specifi c properties to the dendrimer. The branched structure provides 
excellent molecular stability and can provide many sites for functionalization at the 
ends of the branches [ 111 ]. Dendrimers synthesized using  poly(amido amine) 
(PAMAM)   allow for functionalization through amine groups at the available ter-
mini of the molecule. By conjugating triiodobenzenepropanoic acid (DMAA-IPA) 
onto a  PAMAM   dendrimer, Yordanov et al. were able to incorporate up to 33 % 
iodine content by weight [ 112 ]. Large  dendrimers   are often quickly cleared through 
the mononuclear phagocytic system; however, Fu et al. reported dendrimer-based 
CT  contrast agents   with improved circulation times. These dendrimers were formed 
via the use of a large  PEG   core (6000–12,000 MW) and poly- L -lysine for branch 
generation. The amine termini of these  dendrimers   were functionalized with triio-
dophthalamide molecules to provide CT contrast [ 113 ].  

5.2      Targeted Iodinated Agents   

  Nanotechnology   offers several platforms upon which to develop contrast agents for 
CT as outlined above.  Blood pool agents   are useful to help visualize several pathol-
ogies in coronary artery  disease   and myocardial infarction, however specifi c target-
ing of contrast agents can allow single mechanisms or processes in cardiovascular 
 disease   to be probed. The progression of coronary artery disease occurs in many 
stages, providing numerous targets to study. Targeting can be accomplished by 
attaching  ligands         such as antibodies or peptides to the surface of the particle. 
Moreover, the use of native biological material such as lipoproteins (e.g., LDL, 
HDL) can provide targeting for cardiovascular  disease  . 

 Pan et al. utilized poly(styrene-b-acrylic acid) to produce  nano-emulsions   with 
high payloads of  Lipiodol   (up to 37 % wt of iodine) under 100 nm in diameter [ 114 ]. 
Furthermore, the authors conjugated an anti-fi brin monoclonal antibody onto the 
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particle using a modifi ed avidin–biotin linker.  Fibrin   is generated during the coagu-
lation cascade and is a key element in thrombus formation. It is a very high density 
target and therefore suitable for molecular imaging via CT (high density targets are 
needed due to the low sensitivity of CT). A fi brin targeted agent may reveal infor-
mation on plaque rupture and subsequent thrombus formation. Using a fi brin clot 
phantom, the agent found a CNR value of 98 ± 12 compared to the surrounding 
water. From rat  experiments  , the blood half-life of the agent was found to be 56 min, 
although in vivo thrombus targeting experiments were not reported. 

 Detecting the  macrophage   content within a plaque is hypothesized to be a marker 
of plaque stability, since increased macrophage population has been found to be 
characteristic of vulnerable plaques [ 115 ].  Macrophages   are another high density 
target, due to their high populations in plaques and ability to take up very large 
amounts of agent. Several types of iodinated  contrast agents   have been developed to 
noninvasively image macrophages in plaques. Hyafi l et al. utilized a formulation for 
macrophage imaging termed  N1177  , which consists of ethyl- 3,5-bis(acetylamino)-
2,4,6-triiodobenzoate contained in an amphiphilic tri-block copolymer [ 116 ]. The 
emulsion was prepared through milling and further stabilized with  PEG  . The parti-
cles had an average diameter of 259 nm. The authors hypothesized that N1177 is 
taken up by macrophages in the circulation and subsequently infi ltrate the plaque 
allowing for detection. Two hours after intravenous injection using the balloon- 
 injury         rabbit model of  atherosclerosis  , specifi c enhancement of the arterial plaque 
could be identifi ed in CT with a maximum enhancement of 14 HU. Histology con-
fi rmed the localization of N1177 particles in macrophages within plaques. The 
same group published a follow-up study focusing on N1177 where they quantifi ed 
infl ammation through macrophage targeting [ 117 ]. 

 The use of N1177 as a specifi c macrophage marker was used to investigate ath-
erosclerotic plaque rupture in a study by Van Herck et al. [ 118 ]. The authors hypoth-
esized that after plaque rupture, increased infl ux of  macrophages   to the rupture site 
would allow for detection of the rupture. The authors initially investigated cytotox-
icity of macrophages using N1177 in vitro which they found no effect on viability 
or secretion of cytokines by  J774 macrophages   (Fig.  4a, b ). In this case, the athero-
sclerosis model used was rabbits kept on hypercholesterolemic diets long term 
(12–15 months) to establish plaques. As a control, an I.V. injection of N1177 
showed slight enhancement of the aortic lumen but returned to pre-scan levels 
within 2 h, demonstrating that N1177 did not signifi cantly enhance non-ruptured 
plaques. This result was contrary to the fi ndings of Hyafi l et al. [ 116 ], but the mod-
els of atherosclerosis used in the two studies differed considerably. On the other 
hand, when the authors induced plaque rupture mechanically and injected N1177, 
the attenuation of the ruptured plaque was increased signifi cantly (34 HU,  P  < 0.001) 
as compared to pre-ruptured plaque (Fig.  4c ). Histology on the plaques showed 
increased staining of RAM- 11   (a macrophage marker) in ruptured plaques. 
Additionally, N1177 was found in macrophage rich areas of the ruptured plaques 
but not in non-ruptured plaques using time-of-fl ight-static secondary ion mass 
spectrometry. These results demonstrate that  N1177   uptake in macrophages could 
be used to rapidly detect and assess plaque rupture. Other groups have also focused 
on macrophage specifi c targeting. For example, Ding et al. developed iodinated oil 
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 nano-emulsions   containing quantum dots for dual modal imaging of plaque macro-
phages with CT and fl uorescence [ 119 ].

   Low-density lipoprotein is an attractive platform for targeted imaging due to its 
evasion of the immune system, biocompatibility, biodegradability, defi ned size and 
innate targeting.  LDL   infi ltration in leaky endothelium is a key stage in early  athero-
sclerosis   development. A number of studies have attempted to use LDL as  nanopar-
ticle   platform to carry imaging agents for detection of plaque for multimodalities 
[ 120 – 122 ]. For iodinated  contrast agents  , a study by Hill et al. demonstrated the 
feasibility of using LDL containing iodinated triglycerides to target liver cells 
(HepG2) that overexpress the LDL-receptor [ 123 ]. This in vitro study resulted in 
visible enhancement of the  cells        , but would require further testing in vivo.  

***

125

100

75

50

25

0

0 0.5 1.5 2.521

8 hours
24 hours

V
ia

bi
lit

y 
(%

)

N1177 (mg/ml)

N1177 (2.5 mg/ml)

Control120

A

B

C

100

80
40

20

0

1h

-N1177 +N1177

t = 0 hours t = 2 hours

8h 24h LPS

TNF-α

T
N

F
-α

 (p
g/

m
l)

  Fig. 4    ( a ) Viability of 
 J774 macrophages   after 
treatment with N177. ( b ) 
TNF-α release after 
treatment with  N1177  . ( c ) 
CT images of rabbit aortas 
after mechanical plaque 
rupture without  N1177  , 
immediately after injection 
of N1177 and 2 h 
post-injection. Signifi cant 
increases in attenuation 
were seen after rupture of 
plaque. Reproduced with 
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5.3      Bromine Based Agents   

 In addition to iodinated agents, bromide containing agents have been explored as CT 
contrast agents for several decades [ 124 ]. The most widely used formulations are 
based on  perfl uorooctylbromide (PFOB)  , which is a brominated fl uorocarbon. While 
the CT contrast generated by bromine is relatively poor, necessitating very high 
doses, the excellent biocompatibility and inert nature of PFOB motivated develop-
ing CT  contrast agents   on this compound. These fl uorocarbons are emulsifi ed with 
phospholipids to produce stable nanoparticles that are capable of attenuating X-rays. 
Early studies demonstrated PFOB as an effective CT contrast agent for enhance-
ment of the liver, spleen and vasculature [ 125 ,  126 ]. Other studies have looked at the 
potential of PFOB emulsions as a multimodal imaging contrast agent for  ultrasound   
or  MRI   in addition to CT [ 127 ,  128 ]. A study by Li et al. included superparamag-
netic iron nanoparticles (Fe 3 O 4 ) in a PFOB emulsifi cation to produce tri-modal con-
trast agent for CT, MRI, and ultrasound [ 129 ]. The magnetic-PFOB  nanoparticles   
were approximately 200 nm in diameter and interestingly demonstrated higher 
 echogenicity   than PFOB particles alone. Additionally, contrast enhancement of the 
liver was seen after intravenous injection for both CT and MR imaging.  

5.4     Inorganic  Blood Pool Agents   

 While iodinated small molecules are the  contrast agents   used for X-ray  computed 
tomography   clinically, there has been signifi cant preclinical interest in the development 
of inorganic  nanoparticles   as imaging agents. Inorganic nanoparticles can provide 
improved X-ray attenuation at CT energy ranges due to higher  k-edge   energy levels as 
compared to iodinated agents. Furthermore, the payloads of inorganic nanoparticles 
can be much higher than for iodine based agents, since the density of inorganic materi-
als is often very high. For example, Brown et al. reported a solid bismuth core  CT         
contrast agent (core density 9.8 g/ml) whose 76 nm cores carried a payload of 6 million 
Bi atoms each [ 130 ]. Additionally, the use of inorganic nanocrystals may alleviate 
 biocompatibility complications associated with iodinated agents as outlined above. 

 Of the various types of inorganic nanocrystals that have been proposed as CT 
contrast agents,  gold nanoparticles (AuNP)   have been the focus of most work.  Gold 
nanoparticle   syntheses allow for control of size, shape, and functionality of the par-
ticles. This precise control allows for specifi c tailoring of these particles for a given 
application. AuNP can be included in various  nanotechnology   platforms, i.e., 
 micelles  ,  liposomes  ,  dendrimers  , and as ligand stabilized crystalline nanoparticles 
[ 131 ,  132 ]. Gold  nanoparticles   are also well known for their biocompatible proper-
ties and have been used in a variety of biomedical applications such as drug deliv-
ery, imaging, biosensors, and photothermal ablation [ 133 – 137 ]. 

 As a CT contrast agent, the physical parameters of the  particle   as well as the 
chemical properties can drastically infl uence the particle’s biological properties in 
terms of clearance and biocompatibility. One of the fi rst  AuNP   developed as an 
X-ray contrast agent was a 1.9 nm spherical formulation, and was shown to provide 
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strong enhancement of the major vessels. However, due to the small size of the 
agent, the particles were rapidly cleared through the renal system as evidenced by 
high attenuation in the  bladder         in images acquired 10 min after injection [ 138 ]. 
Increasing the size and/or modifying the surface functionality of AuNP has been 
shown to improve circulation time, as found in studies where gold nanoparticles 
whose core size was around 10 nm. After coating with  PEG  , the nanoparticles had 
an overall size of 38 nm. These nanoparticles were not renally cleared and provided 
vascular contrast over a period of 12–24 h [ 139 ]. 

 A study by Kim et al. examined the effectiveness of AuNP as blood pool  contrast 
agents   after surface modifi cation with PEG [ 140 ]. AuNP 30 nm in diameter were 
synthesized through the reduction of gold chloride by sodium citrate using a modi-
fi ed Turkevich method [ 141 ,  142 ]. Ligand exchange was performed with 5000 
methoxy-PEG-thiol for stabilization and to provide a long circulation half-life 
(Fig.  5a ). Cytotoxicity of the AuNP-PEG particles were evaluated in HepG2 (epithe-
lial liver cell line). The particles were well tolerated up to 1000 μg/ml of Au (Fig.  5b ). 
After intravenous injection of AuNP-PEG, the agent yielded strong contrast in the 
heart and major arterial vessels (>100 HU). Figure  5c  shows a 3D reconstruction of 
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  Fig. 5    ( a ) Schematic of  PEG   coated gold nanoparticles for blood pool  imaging  . ( b ) Cytotoxicity 
results for HepG2 cells treated with increasing concentrations of PEG coated AuNP. ( c ) 3D recon-
struction of the heart and major vessels after injection of AuNP-PEG from  CT   images. ( d ) Cross 
section scans of rat hepatoma model, 12 h post injection of AuNP-PEG. Attenuation of aorta indi-
cated by  arrow head  and hepatoma by  white arrow . Reproduced with permission from Ref. [ 140 ]       
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the heart and vasculature, derived from images acquired at 10 min post injection. A 
roughly 100 HU increase in attenuation in the heart and blood vessels was sustained 
for 4 h post-injection, attesting to their long-circulation half-life provided by the  PEG   
 coating        . The attenuation of the liver and spleen was found to increase over the 24 h 
period, indicating the major clearance pathways for the PEG coated AuNP. Due to the 
uptake of the particles by Kupffer cells and hepatocytes, the authors demonstrated 
visualization of a hepatoma in vivo in a rat model. Figure  5d  shows cross section 
scans 12 h post injection, with strong attenuation in the aorta (white arrow head) and 
delineation of the hepatoma (white arrow). Other studies have focused on different 
 AuNP    structures   (e.g., nanorods [ 80 ,  143 ]), coatings (such as gum-arabic [ 144 ,  145 ]) 
or incorporated gold into other platforms such as dendrimers [ 146 – 149 ].

   While AuNP have desirable properties for X-ray imaging, the cost of gold may 
be an issue for widespread adoption and scale up. Other high atomic number ele-
ments have been explored as CT contrast agents. For example, studies have shown 
bismuth  nanoparticles   as a possible CT blood pool contrast agent [ 150 ]. Naha et al. 
reported the development of dextran coated bismuth-iron nanoparticles for in vivo 
blood contrast imaging with both CT and MRI [ 151 ]. 

  Tantalum   is another element that has been recently explored as a candidate for 
CT  contrast agents   due to the low toxicity of its oxide and strong X-ray absorption 
[ 152 ,  153 ]. A group from General Electric have published on several tantalum oxide 
formulations where the overall nanoparticle size is below 5 nm, thus allowing for 
swift renal excretion. Due to the relative natural abundance of tantalum compared 
to gold, tantalum is an order of magnitude cheaper, which may facilitate widespread 
use. In another study, tantalum oxide nanocrystals were prepared using reverse 
emulsions and then surface functionalized with  PEG   and a fl uorophore tag [ 154 ]. 
This synthesis can be done on a bulk scale and allows the core size to be controlled 
in the 6–15 nm diameter range. As a blood pool agent, strong contrast enhancement 
of the heart and major blood  vessels         could be seen for up to 3 h post-injection, with 
eventual accumulation in the spleen and liver. 

  Gadolinium   chelates serve as MRI  contrast agents   for several biomedical  appli-
cations   including  cancer   and vascular imaging [ 155 ,  156 ]. Despite the toxicity con-
cerns over non-chelated gadolinium and tissue retention, studies have evaluated 
gadolinium as a potential CT contrast agent [ 157 ,  158 ]. Due to its unique properties 
for MRI, researchers have developed gadolinium nanoparticles for dual modal 
imaging with CT and MRI. The addition of gold to gadolinium  chelates   has shown 
to provide signifi cant contrast for both  modalities   [ 73 ,  159 ,  160 ]. 

 A number of other high atomic number elements have shown promise as effective 
CT contrast agents. Gold and silver core–shell  nanoparticles   have been shown to 
produce stronger CT contrast than iodinated agents [ 161 ,  162 ]. A report by Chou 
et al. demonstrated the use of iron/platinum nanoparticles for dual CT and MRI 
molecular imaging after intravenous injection [ 163 ]. Several studies have reported 
the use of tungsten nanoparticles as CT contrast agents that provide better enhance-
ment compared to traditional iodinated agents [ 164 – 166 ]. Moreover,  ytterbium   
based nanoparticles have received attenuation as potential CT agents due to favor-
able X-ray absorption spectra and relative natural abundance compared to other 
potential elements mentioned [ 167 ,  168 ]. Ytterbium based nanoparticles also present 
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multimodal capabilities through upconversion fl uorescence imaging. Upconverting 
fl uorescent probes allow for excitation at NIR-wavelengths for deep tissue penetra-
tion with reduced background tissue absorption. Liu et al. synthesized ytterbium 
based particles coated in  PEG   for use as a CT contrast agent [ 169 ]. Xing et al. syn-
thesized tri-modal nanoparticles for upconversion fl uorescence, MR and CT imaging 
[ 170 ]. The group synthesized gadolinium-based upconverting nanoparticles (doped 
with yttrium, ytterbium, erbium, and thulium) that were also  surface   coated with 
gold  nanoparticles  . In vivo imaging of these trimodal particles was demonstrated 
with subcutaneous injection of the particles at  tumor         bearing locations in mice.  

5.5     Targeted Inorganic  CT   Contrast Agents 

 The synthesis of inorganic  nanoparticles   presents an opportunity for relatively 
straightforward functionalization of the particle surface for targeting capabilities. 
Common methods for targeting involve conjugation of peptides complimentary to a 
specifi c target [ 171 ,  172 ]. The use of antibodies conjugated to inorganic nanoparti-
cles to create targeted CT contrast agents has been demonstrated in several studies 
[ 173 ,  174 ]. While several methods have been developed for targeted tumor imaging 
with CT, targeted CT cardiovascular imaging with inorganic  nanoparticles   is less 
well explored. Chhour et al. demonstrated the use AuNP to specifi cally label  mono-
cytes   and track their recruitment to developing atherosclerotic plaques in mice with 
CT [ 175 ]. The group found signifi cantly increased attenuation in the plaques 5 days 
after injection of the labeled cells. Due to CT’s low sensitivity to contrast agents, a 
large amount of contrast generating material needs to be delivered to a site for imag-
ing, as compared to MRI or PET. 

 The advent of multicolor or spectral CT has allowed different elements to be 
distinguished in CT images due to the characteristic X-ray attenuation profi les of 
the elements [ 176 ]. Spectral CT utilizes novel, photon-counting detectors to discern 
the energies of incident  X-rays  . By separating the transmitted X-rays into multiple 
energy bins, X-ray attenuation in the fi eld of view can be correlated to specifi c ele-
ments (since the boundaries of the bins are usually set to the  k-edges   of the elements 
expected to be found in the subject). Discerning multiple material types in CT scans 
presents the opportunity for better delineation between contrast agent and high 
attenuating tissue. For instance, early investigations have involved discriminating 
barium/calcifi cations and ytterbium/bone using spectral CT [ 177 ,  178 ]. A study by 
Cormode et al. examined the composition of atherosclerotic plaques using spectral 
CT [ 179 ]. The purpose of the study was to examine the use of spectral CT to char-
acterize macrophage burden, calcifi cation and artery stenosis in a single CT scan. 
Gold  nanoparticles   incorporated into a coating similar to high density lipoprotein 
( Au-HDL  ), 7.2 nm in overall diameter, were used to target  macrophages         in atheroscle-
rotic plaques (Fig.  6a ) [ 180 ]. As an initial demonstration of spectral CT, a phantom 
consisting of different concentrations of Au-HDL, iodine, and calcium phosphate 
were scanned (Fig.  6b ). By using spectral CT with energy bins tuned to the k-edges 
of the elements involved, gold, iodine, and Ca 3 (PO 4 ) 2 , concentration gradients could 
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be distinguished. The photoelectric effect was used to visualize Ca 3 (PO 4 ) 2 . For 
in vivo studies, Au-HDL was intravenously injected to allow macrophage targeting 
and after 24 h an additional vascular phase iodinated contrast agent was injected. 
A conventional CT scan image is seen in Fig.  6c . Comparatively, the scan with mul-
ticolor CT revealed the aorta, which had been strongly enhanced by the iodinated 
agent (red color), was distinguishable from  Au-HDL   localized in a nearby plaque 
(gold color) (Fig.  6c ).  Electron microscopy   and  confocal microscopy   confi rmed that 
the Au-HDL agent was targeted to  macrophages   within the plaque. Pan et al. studied 
the use a bismuth based  nanoparticle   conjugated to a  fi brin   specifi c antibody, which 
the authors termed NanoK [ 181 ]. The  NanoK particles   were found to have a hydro-
dynamic diameter between 150 and 230 nm. Anti-fi brin NanoK were in situ incu-
bated with balloon induced thrombuses using temporary snares for 30 min. Arterial 
circulation was reestablished for 30 min to wash unbound particles and then the 
 animal   was euthanized. Using spectral CT, the NanoK particles could be distin-
guished from calcifi ed regions at the area of induced clot injury.

  Fig. 6    ( a ) Schematic depiction of the structure of Au-HDL. ( b ) Spectral  CT   phantom imaging of 
concentration gradients of Au-HDL and an iodinated contrast agent. Ca 3 (PO 4 ) 2  was located in the 
third row of the phantom. Via materials basis decomposition of the spectral imaging data, attenu-
ation from Au-HDL, iodine, and Ca 3 (PO 4 ) 2  was distinguishable. ( c ) Injection of Au-HDL and 24 h 
later injection of a vascular phase iodinated agent. Conventional CT image ( left ) compared to an 
overlay of gold, iodine, photoelectric, and Compton images from a spectral CT scan ( right ). 
Reproduced with permission from Ref. [ 179 ]       
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6         Conclusions 

 Current clinical  contrast agents   for  X-ray    computed tomography   provide important 
diagnostic information for evaluation of cardiovascular  disease   but suffer from a 
number of drawbacks. New contrast agents are being designed utilizing  nanotech-
nology  , offering solutions to improving blood circulation time, biocompatibility, 
and allowing for specifi c targeting. Several strategies have been developed to syn-
thesize iodinated contrast agents for blood pool  imaging   including  nano-emulsions  , 
 liposomes  ,  micelles  , and  dendrimers  . Similarly, a variety of inorganic elements 
have been synthesized for use as CT contrast agents. Gold  nanoparticles   have been 
most frequently reported as inorganic nanoparticles for CT contrast agents, however 
other elements including bismuth, tantalum, and ytterbium continue to be explored. 
Each technology has its own advantages and weaknesses in terms of particle stabil-
ity, clearance time, and X-ray attenuation properties that make each platform dis-
tinct. With a variety of platforms and formulations, nanoparticle technology will 
continue to improve the diagnostic capabilities of cardiac CT. Nanoparticle based 
agents seem to have clear advantages for blood pool  imaging   and we expect that the 
next decade will see efforts to translate nanoparticle blood pool agents to the clinic. 
The fi eld of targeted CT agents for cardiovascular agents is relatively nascent, but 
we expect that considerable progress will be made in this area, both in terms of 
expanding the number of targets that can be imaged and with regards to improve-
ment in nanoparticle technology. Advances in CT imaging technology promise to 
aid in these efforts. The advent of spectral (multicolor) CT allows detection of con-
trast media without pre-injection scans and allows identifi cation of multiple materi-
als in a single scan. Developments in computing and algorithms such as iterative 
reconstruction will increase the sensitivity of  CT   via suppression of image noise. 
Doubtless, unforeseen innovations and new technologies will arise. Overall, we 
expect to see the fi eld of  nanoparticle    contrast agents   for cardiovascular CT imaging 
to continue to fl ourish over the next decade and beyond.     
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1           Spectral Computed Tomography Imaging Technology 

 Traditional computerized tomography (CT) exploits the attenuation of photons travers-
ing through an imaged object and impinging on a sensitive detector (or fi lm) to create 
images. CT systems typically employ  scintillation-based detector arrays   that produce 
light when individual photons are absorbed. On a pixel-by-pixel basis, the integrated 
intensity of signal detected by the photodiode corresponds to the overall loss of signal 
intensity due to the intervening object represented. Despite the broad energy distribu-
tion of photons emitted in an  X-ray   beam and the known energy dependence of photon 
attenuation, traditional integrating detector measurements eliminate all inherent spec-
tral information that might be used to further characterize the imaged object. 

 The two predominant physical causes of X-ray attenuation effects are the photo-
electric process and Compton scattering [ 1 ]. From these factors, which can be dif-
ferentiated with two measurements at distinct photon energies, the concept of 
“dual-energy” CT evolved and is now implemented in clinical practice. Dual-
energy CT systems can be realized in two different ways, source-based and detec-
tion-based spectral separation. Source-based dual-energy CT is achieved utilizing 
conventional detector principles under X-ray exposure of different tube voltages. 
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The kVp- switching method acquires X-ray projections at alternating tube voltages 
in order to obtain spectrally resolved measurements [ 2 – 5 ]. Another clinically avail-
able solution is dual-source CT which mounts two “source-detector” pairs on a 
single gantry with each pair operating at a different tube voltage. Detection-based 
spectral CT uses a single X-ray tube and instead a stack of detector-layers of which 
each layer is sensitive to different photon-energies. This “dual-layer” approach 
allows one to acquire both spectral measurements on the same projection path 
simultaneously in a single rotation of the gantry [ 6 – 12 ]. 

 Advancements of the  dual-layer CT energy-integrated detector technology   were 
further extended into the development of photon-counting detectors, leading to the 
next generation of CT instrumentation often referred to as spectral or multicolored 
CT [ 13 – 17 ].  Photon-counting detectors   produce a digital measure of photon energy 
through pulse height analysis that eliminates electronic noise. Photon-counting 
detectors simultaneously discriminate the energy of counted photons by assigning 
measured pulses into energy bins based on preselected thresholds. In principle, a 
multiplicity of spectral determinations characterizing multiple tissues and contrast 
agents within each voxel from the same X-ray beam can be made. 

  Electrons   for all elements of the periodic table are distributed into energy shells, 
with the K-shell electrons closest to the nucleus possessing the lowest energy. When 
photons are iso-energetic with a K-shell electron, the photon can be fully attenuated, 
deploying its energy to free an  electron   on the K-shell. This ionization causes a 
discontinuity in the photoelectric attenuation cross-section, and is characteristic for 
each individual element. Elements between  iodine and bismuth   on the periodic chart 
possess K-shell electron energies within typical photon energy bandwidth of clinical 
CT, and each could serve a  K-edge contrast agent  . In particular, gold, gadolinium, 
ytterbium, tantalum, or bismuth are among the metals with K-edges well inside the 
X-ray beam energy bandwidth and promise the highest signal-to-noise levels [ 18 , 
 19 ]. Iodine, which is a stalwart X-ray contrast element for traditional CT, is on the 
lower edge of the bandwidth. While useful for small animal preclinical spectral CT 
imaging, the low K-edge energy signal detected will be signifi cantly compromised 
by photon starvation and scattering occurring as the X-ray beam passes through 
patient torsos. Some new CT contrast agents are being developed with iodine alone 
or as part of a hybrid multimodality approach, however the present chapter is 
focused on K-edge agents incorporating nontraditional radiopaque elements.  

2     Spectral CT Contrast Agents: Challenges 

 Spectral CT contrast agents must be designed with metals with suitable  K-shell energy 
electrons   in order to absorb photons emitted in the X-ray beam. However, another 
signifi cant challenge in the development of CT and spectral CT probes is the requisite 
high concentrations of metal that must be present within a voxel for detectability. 
In comparison with  nuclear imaging  , ultrasound, and even MRI, CT contrast imaging 
is very insensitive. High dosages of heavy metals are required to elicit effective 
CT contrast inherently bringing patient long-term safety into consideration. 
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This is particularly relevant since CT contrast probes will likely be used in many 
patients to rule-out disease and in others to serial assess and guide clinical management. 
Proving long-term human safety following exposure to heavy metals will be challeng-
ing unless the metal component of CT contrast agents are essentially bioeliminated 
over a reasonable time frame. A “what goes in must come out” philosophy regarding 
heavy metals should be embraced in the development of these pharmaceuticals. 

 Because the human renal clearance threshold for  nanoparticles   or their breakdown 
products is around 6–8 nm, the use of poorly degradable solid particles in excess of 
this size could ultimately result in prolonged or even indefi nite retention of such 
contrast agents internally [ 20 ]. While some metal particles, such as  iron oxides   used 
for MRI imaging, are known to be metabolized slowly with the iron reentering the 
iron metabolic pool, other solid oxide or sulfi de crystalline particles are unlikely to 
be metabolized and bioeliminated adequately. Even gold, which was used as a col-
loidal suspension for various medical applications since ancient times and in the 
more recent past for rheumatoid arthritis, may not be as inert as anticipated [ 21 ]. 
Large and or frequent dosages of gold particles (>8 nm) may clear the body very 
slowly or not at all. Proving that this or similar situations with other elements is safe 
to regulatory agencies will be a translational challenge that the fi eld must recognize. 

 Rodent models are often used to study the pharmacology and safety of  drugs   of all 
types, including nanomedicines. In man, rabbits, and larger mammals, solid nanopar-
ticles 8–10 nm or greater are above the renal threshold for glomerular clearance and 
must be metabolized into smaller constituent parts for elimination through the bile, 
urine, or respiration. However, the clearance mechanism of nanoparticles in rodents 
differs markedly from man and larger mammals. Particles of 250 nm or greater can 
pass directly into the biliary system of rats and mice within a few minutes of intrave-
nous injection. Bulte et al. illustrated this phenomenon by acquiring an MR cholan-
giogram using proton and fl uorine MR imaging of paramagnetic perfl uorocarbon 
 nanoparticles   in rats [ 22 ] (Fig.  1 ). This MRI demonstration corroborated experimental 

  Fig. 1     3D time-of-fl ight (TOF) MR cholangiogram   in a rat following intravenous injection of 
gadolinium-functionalized perfl uorooctylbromide nanoparticles (NP). ( a ) Baseline image showing 
no evidence of vasculature or common bile duct. ( b ) 1 min post-injection, the blood pool as seen 
in the heart, aorta ( arrow ), and peripheral vasculature have strong T1-weighted positive contrast 
from the NP that are still constrained within the vasculature.  H  heart,  L  liver. ( c ) Within 5 min, the 
NP are rapidly excreted through the common bile duct ( arrows ), refl ecting the rapid shunt of con-
trast from the liver into the small intestine. ( d ). After 10 min the small intestine contains most of 
the contrast, that is passed on to the large intestines at 30 min ( e ) and 60 min ( f ). Reproduced with 
permission from Ref. [ 22 ]       
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investigations of particle elimination dating to the 1950s and possibly decades earlier. 
In 1958, Hampton showed that intravenous particles in rodents distributed into 
Kupffer cells, hepatic cells, and bile within the liver [ 23 ]. This report cited and con-
fi rmed earlier reports of Müllendorf in 1916 and Weatherford in 1956 ( cited in  [ 23 ]) 
using colloidal dyes and India ink, respectively. Hampton demonstrated that particles 
phagocytosed by Kupffer cells were retained indefi nitely; whereas, particles endocy-
tosed by hepatocytes were transported rapidly into the biliary system, as imaged by 
Bulte. Interestingly, Hampton performed retrograde biliary infusions of  Thorotrast™      
colloidal particles and used  transmission electron microscopy (TEM)   to reveal that 
those particles transited in reverse through hepatocytes and into the space of Disse. 
While some of the Thoratrast™ became sequestered in Kupffer cells, much of it 
passed into the circulatory system. Similar evidence of nanoparticle excretion into 
rodent bile and feces include silica particles from 50 to 200 nm [ 24 ] citrate-coated 
silver particles (~8 nm) [ 25 ], and iron oxide core high-density lipoproteins (~10 nm) 
[ 26 ]. In larger non-rodent mammals, Juhlin [ 27 ] reported a few years later that fl uo-
rescent spherical hydrophilic particles of methyl methacrylate injected intravenously 
in rabbits did not transit effectively into the bile. Particles in the 20–110 nm produced 
very minimal biliary concentrations and those greater than 60 nm were not excreted 
into the biliary tree. While rodent models offer a wealth of research opportunity, spe-
cies difference in  biliary nanoparticle excretion   must be considered to avoid incorrect 
conclusions regarding nanoparticle pharmacokinetics, pharmacodynamics, metabo-
lism, bioelimination, and ultimately safety.

3        Spectral CT Contrast Agents 

 Many CT contrast agents have been created using metals with K-edge values within 
the X-ray energy bandwidth and the vast majority have crystalline cores that exceed 
10 nm. While ultimately these types of agents may prove safe and effective, the 
scope of the present review generally considered small crystalline nanoparticles 
(<10 nm) and large degradable nanoparticles encapsulating small molecule organo-
metallic complexes or small solid nanoparticles (<10 nm). 

 From a spectral CT perspective, two independent blood pool contrast agents 
imaged simultaneously may have important medical utility; however, the use of a 
single blood pool agent will likely have limited differential benefi t over current 
iodine based approaches. For new contrast technologies to gain clinical and eco-
nomic traction, they must address important unmet functional or biochemical (i.e., 
molecular) imaging needs. In some situations, this may be achieved through in situ 
labeling of cells, e.g., macrophages in infl ammatory imaging, and in other situations 
by ligand-directed targeting. Regardless, the development of a molecular imaging 
agent should begin with a clear understanding of the unmet need, which then defi nes 
parameters for pharmaceutical design.  
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4     Bismuth 

4.1      Organobismuth Nanocolloid (NanoK)   

 Emergency departments in the USA assess more than 8 million patients annually 
with complaints of chest pain or shortness of breath [ 28 ]. While a presumptive diag-
nosis of life-threatening  acute coronary syndrome (ACS)   may be apparent from the 
patient’s initial presentation, the vast majorities of cases are equivocal and require 
the potential of cardiac involvement to be excluded. Consequently, individuals are 
retained for close observation and testing. For patient without cardiovascular symp-
toms, there is inconvenience, family stress, and high healthcare cost. Patients admit-
ted for possible ACS require continuous cardiac telemetry, serial ECGs, and 
repeated cardiac troponin assays over 12–24 h. If cardiac  infarction   and unstable 
angina are excluded, then noninvasive cardiac stress testing is typically performed. 

 Coronary CT angiography has become increasingly refi ned and offers the poten-
tial to recognize patients with low likelihood of disease but the negative and positive 
predictive values do not meet the standard set by cardiac catheterization [ 29 ]. 
Moreover, coronary calcium, due to its attenuating and blooming artifacts, further 
complicates the clarity of the angiogram in the region of potentially critical disease 
[ 30 ]. Spectral CT contrast imaging offers an opportunity to target and detect intra-
luminal thrombus associated with acutely ruptured plaque while discriminating 
between attenuation artifacts of calcium deposits, which have low (K-edge energies 
(4.4 keV) (Fig.  2 ).

   An initial approach to this medical imaging problem was reported by Pan et al. 
[ 31 ] using nanocolloids comprised of high concentrations of an organobismuth 
compound, bismuth neodecanoate, commixed in sorbitan sesquioleate. The 
phospholipid- encapsulated “soft” nanocolloid was 20 % w/v aqueous suspension 
with hydrodynamic diameters between 180 and 250 nm, a negative electrophoretic 
potential ranging from −20 to −27 mV, and 1.06 g/ml. The particle core was 
12–14 wt% bismuth. The biocompatible outer lipid membrane can be functional-
ized for ligand-direct (peptide and antibody) homing to microthrombus (Fig.  3 ).

   In vitro studies with the bismuth nanocolloid compared cross-sectional CT (con-
ventional) and spectral CT images of phantoms containing serially diluted bismuth 
particles and a reference calcium acetate suspension in water. This illustrated the 
potential of K-edge imaging to segment calcium from bismuth nanocolloid despite 
the X-ray attenuation similarity of the materials at 60 keV, (Ca: 1060HU, Bi: 
1050HU). As expected the attenuation of the bismuth formulation varied linearly 
with the element concentration ( R  2  = 0.999). 

 Additionally, fi brin-targeted bismuth nanocolloid revealed excellent delineation 
and signal enhancement on spectral CT images of fi brin clot phantoms embedded 
with calcium. The control clot treated with targeted nonmetallic nanoparticles had 
negligible contrast, exhibiting only the highly attenuating calcium. The specifi c tar-
geting of rhodamine-labeled bismuth particles to fi brin on human carotid endarter-
ectomy specimens was corroborated microscopically with immunohistochemistry 
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[ 31 ] and exemplifi ed how the K-edge agent targeting was constrained to intravascu-
lar rather than intramural fi brin deposits. Dynamic imaging of NanoK with a clini-
cal multidetector CT revealed that blood pool background was no longer detectable 
after 15–30 min, which would permit optimal molecular imaging of intraluminal 
thrombus after 1–2 h. The antibody-targeted fi brin bismuth agent concentrated in 
situ over the acute thrombus in 30 min, remained bound to the clot during 90 min 
continuous blood circulation, and was detected with a fi rst generation spectral CT 
scanner as a partial-occlusive thrombus within a 1.41 mm diameter artery, equiva-
lent to a small coronary artery in humans. The bismuth-enhanced clot was clearly 
differentiated within the vessel and distinct from adjacent attenuation effects of the 
femur. Superimposition of the simultaneously acquired K-edge image with the tra-
ditional CT image spatially oriented and localized the intravascular lesion relative 
to the rabbit’s skeletal anatomy and demonstrated the complementarity of spectral 
CT molecular imaging and traditional CT [ 31 ] (Fig.  4 ).

   Importantly, whole-body  bioelimination   of bismuth following intravenous injec-
tion was studied in adult male BALB/c mice in a 2-week pilot study. Nearly all of 
the metal was cleared from the mice within 14 days, and most was bioeliminated by 
the fi rst week. The residual biodistribution on day 14 into primary particle clearance 
organs (i.e., liver, spleen, kidney) was assessed using inductively coupled plasma 
optical emission spectrometry in a second cohort of mice ( n  = 3), which revealed 
less than 10 ppb (i.e., the lower detection limit). A third cohort of mice assessed the 
in vivo impact of bismuth nanocolloid and saline on liver (ALT, AST, albumin) and 
renal (BUN, CR, Na, K, Cl) function was assessed on days 1, 7, and 14 post- 
injection. All tests in both groups remained within accepted normal limits for each 
parameter and no statistical differences between groups were noted at any time 
point. The overarching conclusions from this early work were: (1) that the 
 nanocolloid offered stable, detectable bismuth contrast for imaging, (2) that the 
organobismuth complexes could be bioeliminated, and (3) that the nanosystem 
acute toxicology was favorable [ 31 ].  

  Fig. 2    Example of spectral CT using a coronary vascular example to illustrate the discrimination 
of calcium and spectral CT contrast agents; ( a ) coronary artery with a partial occluding thrombus 
emerging from rupture of the unstable intimal cap. ( b ) fi brin targeted with bismuth nanocolloid 
(BiNC) with in classic CT (photoelectric) image and attenuation due to calcium are seen ( c ) spec-
tral CT (K-edge image) discriminates the fi brin-targeted BiNC from the calcium deposits, ( d ) 
integration of the classic CT X-ray image with the spectral CT molecular imaging result acquired 
simultaneously, reveals the signal from the fi brin-bound bismuth resolved from the atherosclerotic 
calcium deposits. Reproduced with permission from Ref. [ 31 ]       
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4.2     Bismuth Sulfate:  Alginate Microcapsules   

 The concept and benefi t of small molecule bismuth contrast entrapped within larger 
particles or microcapsules was instituted by Barnett et al. [ 32 ]. These investigators 
addressed the challenge of pancreatic islet cells transplantation by entrapping the 
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  Fig. 3    Synthesis and physicochemical characterization of NanoK: ( a ) Schematic describing the 
preparation of bismuth-enriched K-edge nanocolloid (NanoK (Bi)): ( b ) characterization table for 
three replicates of NanoK; ( c ) hydrodynamic particle size distribution from dynamic light scattering 
(DLS); ( d ) anhydrous state TEM images (staining: uranyl acetate; scale bar: 100 nm; ( e ) Atomic 
force microscopy image (deposited on glass substrate). Reproduced with permission from Ref. [ 31 ]       

 

Molecular Imaging with Spectral CT Nanoprobes



392

cells and within a permeability selective bismuth-alginate capsule. The semiperme-
able capsule accommodated the infl ux of glucose and the responsive effl ux of insu-
lin, while excluding the penetration of humoral and cell-mediated immune factors. 
In this context, the bismuth-doped alginate offers radiopaque contrast to both guide 
implantation as well as support longitudinal monitoring capsule persistence. Upon 
the eventual metabolism of the capsule, the alginate and bismuth are metabolized or 
eliminated via urinary excretion. Traditional CT imaging provided very good spatial 
localization of the implants, however, spectral CT could provide quantitative esti-
mates of bismuth content. Estimates of bismuth content can be converted into more 
precise assessment of microcapsule numbers and at least qualitative projections of 
islet numbers the adequacy of their insulin response to glucose challenge. Functional 
longitudinal monitoring afforded by quantitative spectral CT would clearly facili-
tate improved clinical management of these pancreatic surrogates.  

4.3     Bismuth  Sulfi de Nanodots   

 Large-scale synthesis of bismuth sulfi de (Bi 2 S 3 ) nanodots was reported by Lu [ 33 ]. 
In contradistinction to the report from the Weissleder lab [ 34 ] using large crystalline 
bismuth particles, these nanodots had uniform particle sizes approximately 2–3 nm, 

  Fig. 4    ( a ) CT blood pool signal in rabbits following IV injection of NanoK. Inset shows the con-
centration of bismuth (ICP) in blood versus time post injection. Note that the background signal is 
at baseline in less than 30 min; ( b ,  c ) targeting in situ clot (thrombus) in rabbits ( arrow  indicates 
thrombus); (Scale: maximum clot diameter = 1.41 mm; minimum diameter = 1.25 mm). ( d ) Two 
weeks clearance profi le of bismuth from mice. Reproduced with permission from Ref. [ 31 ]       
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well below the renal clearance threshold. Although current production methods at 
that time for hydrophobic Bi 2 S 3  nanoparticles lacked effective surface modifi cation 
methods, Ai et al. coated the nanodots with either  poly (vinylpyrrolidone) (PVP)   for 
stability and biocompatibility. PVP-bismuth nanodots were compared in vivo to 
Iobitridol™, an X-ray contrast molecule with 45.6 wt% iodine. The intravenously 
administered nanodots circulated for 1 h and accumulated rapidly in the liver and 
spleen. Little bismuth was observed clearing via the kidneys into the bladder. Since 
these tiny particles were quickly sequestered into the  mononuclear phagocyte sys-
tem (MPS)  , one might infer that they aggregated in circulation. Subsequent histol-
ogy showed no gross changes to clearance organ microanatomy, which is consistent 
with the expected low toxicity of nonionized bismuth. The Iobitridol™ control pro-
duced a very brief blood pool contrast then cleared through the kidney into the urine 
within 3 min. While prolonged blood pool contrast can be benefi cial, particularly 
for techiques like MRI, a typical clinical CT imaging  sequence   is concluded in sec-
onds, diminishing this advantage.  

4.4      Dendrimeric Bismuth Sulfi de   

 An alternative approach to coated minute bismuth nanoparticles was offered by the 
Shi laboratory, which reported the development of dendrimer-bismuth sulfi de [ 35 ]. 
The agent was produced by reacting Bi 3+  with generation 4 poly(amidoamine) den-
drimers (G4.NGlyOH) followed by exposure to hydrogen sulfi de to generate den-
drimer coated-Bi 2 S 3  nanoparticles, sized 5.2–5.7 nm. As expected, the X-ray 
contrast of dendrimer-bismuth sulfi de was greater than that of iodine on an equimo-
lar metal basis. The complex had minimal cellular cytotoxicity and good hemocom-
patibility. When injected subcutaneously in a rabbit thigh, the localized complex 
was readily appreciated with CT. However, when administered systemically in 
mice, the enhancement seen within the pulmonary vein and aorta was only slightly 
greater than an equimolar dosage of Omnipaque™, a commercially available iodine 
contrast agent. No pharmacokinetic, biodistribution, and bioelimination data of the 
dendrimer-bismuth sulfi de were provided.   

5     Gold 

 Gold nanoparticles and nanoshells have been extensively studied as optical, photo-
acoustic, and more recently X-ray contrast agents. Indeed the use of gold for optical 
contrast, particularly  photoacoustic contrast agents  , precedes later reports of its use 
for CT contrast nanoparticles, although it is long known to be X-ray attenuating. 
Many of the gold-based agents used for photoacoustic imaging are relatively large 
and exceed the renal threshold for clearance, but some are comprised of small gold 
nanoparticles alone or encased in larger nanoparticles. 
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5.1     Gold  Nanobeacons   

 One important indication for nanotechnology has been the need for image-guided 
 sentinel lymph node biopsy (SLNB)   in patients with breast cancer and melanoma to 
stage metastases and avoid more invasive biopsy. Invasive SLNB can lead to seroma 
formation, lymphedema, sensory nerve injury, and limitation in the range of motion. 
Alternative noninvasive methods to identify  sentinel lymph nodes (SLNs)   in con-
junction with either minimally invasive percutaneous fi ne-needle biopsy or molecu-
lar techniques could offer new prospects for noninvasive axillary staging of breast 
cancer. Pan et al. demonstrated the use of gold nanobeacons with varying gold 
nanoparticle content in the context of photoacoustic imaging; these gold nanobea-
cons were demonstrated to be highly effective for the same application with spectral 
CT [ 36 – 38 ]. The initial gold nanobeacons were designed as the encapsulation of 
octanethiol coated metallic gold nanoparticles (2–4 nm) suspended in vegetable and 
encapsulated with phospholipid with a nominal hydrodynamic diameter of 
154 ± 10 nm. The polydispersity and zeta potential were measured to be 0.08 ± 0.03 
and −47 ± 7 mV, respectively. Gold content, as determined by inductively coupled 
emission mass spectrometry, was 1080 μg/g of the 20 % colloid suspension (of 
GNB 160 ). For SLN mapping, GNB 160  was compared with a polymer-encapsulated 
gold nanobeacons (GNB 290 ) developed through the self-assembly of amphiphilic 
di-block copolymer in aqueous media to entrap high payloads of gold. The same 
octanethiol coated AuNPs (2 w/v%) were suspended in polysorbate and microfl uid-
ized with a PS- b -PAA dispersion to obtain the GNB 290  particles (particle size: 
289 ± 24 nm, polydispersity index: 0.15 ± 0.04, gold: 134 μg/g or ~71,493  gold 
atoms   per nanobeacon. While the original GNB was effective for SLN imaging, 
GNB 290  was not due to its weight, inhibiting uptake and migration through the lym-
phatics following intradermal injection into the forepaw. Consequently, a smaller 
lipid-encapsulated (~90 nm) gold nanobeacon (GNB 90 ) was produced by suspend-
ing octanethiol-functionalized, coated AuNPs (2 w/v% of inner matrix) in polysor-
bate then microfl uidizing the mixture with phospholipid-based surfactant. The 
GNB 90  particle size was 92 ± 12 nm with a polydispersity of 0.35 ± 0.05. The gold 
content was only 1.56 μg/g or approximately 9 gold metal atoms per GNB 90 . This 
particle and smaller payload rapidly transited from the forepaw intradermal injec-
tion site through the lymphatics into the SLN within a few minutes. The extent of 
lymph node uptake of the GNB 90  particle far exceeded the original signal appreci-
ated with GNB 160  nanocolloid. For SLN imaging, it was evident that smaller parti-
cles with less gold/particle yielded more PA signal. 

 SLN mapping using GNB 90  was next evaluated with spectral CT using an analo-
gous experiment. As shown, the magnitude of the spectral CT image was dramatic, 
refl ecting the high mass of gold accumulated rapidly into the node. The “soft” 
nature of the colloid, the incorporation of very small gold particles, and the very 
limited gold dose required for SLN imaging all contributed to what could be a trans-
latable safe and effective formulation for this application [ 39 ] (Fig.  5 ).
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5.2         High-Density Lipoprotein   Gold Nanoparticles 

 The quest for distinguishing vulnerable versus stable atherosclerotic plaque prior 
to rupture remains a daunting challenge and unmet need in cardiovascular medi-
cine. Since the early work of Benson [ 40 ] and Constantinides [ 41 ], the acute for-
mation of thrombus following atherosclerotic plaque rupture has been well 
recognized as the etiology of unstable angina, myocardial infarction, transient 
ischemic attacks and stroke [ 42 ,  43 ]. Sensitive detection and differentiation of 
vulnerable versus stable atherosclerotic plaques in vessels with mild severity ste-
noses remains limited. As the PROSPECT trial showed, the current best invasive 
imaging technologies, i.e., angiograms and intravascular ultrasound, predict 
future regions of plaque rupture poorly, even in high-risk patients presenting with 
myocardial infarction [ 44 ]. While still inadequately understood, the risk of plaque 
rupture is primarily related to the composition of plaque, and considerable nonin-
vasive imaging effort has been directed to characterizing the atherosclerotic 
infl ammatory component. 

 In this regard, Cormode et al. developed a gold-enriched HDL nanoparticle 
mimetic as a relatively specifi c approach to labeling and identifying macrophage- 
rich plaques in the aortas of apoprotein E knock-out mice (APO e−/e− ) using micro-
 CT [ 45 ]. As previously discussed plaque is often laden with calcium deposits, which 
like gold has marked X-ray attenuation that can be differentiated with spectral 
CT. Moreover, spectral CT was employed to differentiate the uptake of the gold 
HDL particles in APO e−/e−  mice from the iodine contrast enhancement of the aortic 
lumen [ 46 ,  47 ]. Although these fi rst-generation photon-counting scanners had very 
slow image acquisition speeds unable to support live animal studies, this seminal 
report offered the fi rst in vivo illustration of multi-spectral imaging potential in a 
pathological animal model. Moreover, in contradistinction to earlier versions of this 
gold-HDL approach, the nanosystem used in this study incorporated gold particles 

  Fig. 5    In vivo noninvasive spectral CT imaging of SLN. ( a ) A cartoon illustrating the site of 
injection and the area of interest. 150 ml of nanobeacons were injected intradermally. ( b ) regional 
SLN were clearly contrasted on conventional CT. ( c ) K-edge contrast of accumulated gold 
nanoparticles in the SLN was selectively imaged with spectral CT. Reproduced with permission 
from Ref. [ 39 ]       
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of 3 nm with the overall diameter of the HDL particle around 7 nm, basically one 
gold particle per HDL particle. The dose of gold used was around 500 mg/kg, some-
what higher than a typical iodine contrast load (370 mg/kg). Given the small size of 
the gold particles, they have the potential for renal clearance, but given the dosage 
of particles required for in situ macrophage  labeling  , the long-term bioelimination 
of the metal will need to be better characterized.  

5.3      Pegylated Dendrimer Entrapped Gold Nanoparticles   

 Peng and Shi [ 48 ] recently reported on the development of a  polyethylene glycol 
(PEG)  ylated dendrimer containing gold nanoparticles as a vehicle to achieve pro-
longed blood pool circulation. Indeed, prolonged blood pool contrast, particularly if 
it is vascular constrained has merit, but one must also be cognizant that the speed of 
photon-counting is already approaching clinical CT acquisition rates and current 
rapid imaging of approved iodinated agents with CT presents a high barrier to over-
come. Peng and Shi synthesized and characterized amine-terminated 
poly(amidoamine) dendrimers (generation 5) that were partially modifi ed by PEG 
monomethylether and gold salt. The dendrimers were 2–4 nm, had low acute toxic-
ity up to 100 μM, and offered a circulatory half-life between 31 and 42 h depending 
on the gold density. Subsequently, Shi et al. reported the tripeptide arginylglycylas-
partic acid (RGD) functionalization of this dendrimeric-gold construct and demon-
strated its binding and potential X-ray benefi ts in vitro [ 49 ]. Clearly, this recent 
work is still evolving and seeks to take advantage of the metal concentration benefi ts 
accrued by targeting to increase imaging detectability of occult pathologies.  

5.4      Gold-Loaded Polymeric Micelles   

 The Tsourkas lab [ 50 ] followed an approach similar to that described by Pan et al. 
in development of the polymer-encapsulated gold nanobeacons (GNB 290 ) [ 37 ]. 
These investigators took advantage of the higher X-ray attenuation properties of 
gold versus iodine and constructed PEG-b-poly(e-caprolactone) particles between 
25 nm and 150 nm that entrapped 1.9 nm gold particles to augment CT-guided 
radiation therapy and radiosensitization. Radiosensitization of gold stems primarily 
from photoelectrons generated in the kilovolt energy range and theoretically from 
Auger electrons within the megavolt realm [ 51 ]. Radiation therapy in the presence 
of gold particles increases the extent of DNA fragmentation and treatment effi cacy 
[ 52 ,  53 ]. This therapeutic response was corroborated with a 75 nm version of this 
nanotechnology. 

 Similar to the gold dendrimers  described   above, these polymeric gold particles 
had extended circulatory half-lives with enhanced blood pool contrast extending for 
24 h. The particles were passively entrapped within the tumor periphery, as has been 

D. Pan et al.



397

described before for most nanoparticles. In combination with radiation therapy 
median survival of tumor-bearing mice was increased by 1.7-fold. Issues of acute 
toxicity and clinical pathology changes in mice receiving the nanoparticles were 
unremarkable. Issue of infl ammation and biocompatibility associated with the 
“suture-like” polymer, the bioelimination of gold, and other long-term safety con-
cerns will need to be further elucidated. Once again, this technology points to con-
trast designs that avoid large solid particle bioelimination issues by encapsulating 
numerous small particles with potentially fi lterable into the urine.   

6      Tantalum Oxide      

 Other metals within the X-ray bandwidth include tantalum, which is chemically 
inert and offers good radiopacity. Although the metal oxide is water insoluble, 
Bonitatibus et al. [ 54 ] developed a coated water-soluble version 6 nm particle 
size. While the desirable X-ray properties of tantalum have been known, these 
investigators provide the fi rst work to permit the nanocrystal to be suitable for 
intravenous injection at high concentration without aggregation. The tantalum 
oxide core was coated with (2-diethylphosphato-ethyl)triethoxysilane to form a 
homogeneous product concept stable at least for 6 months. Tantalum had greater 
X-ray attenuation versus iodine across the X-ray spectrum, particularly for the 
higher peak kilovoltages (kVp) in which realm the augmenting K-edge benefi t 
that iodine enjoys with typical CT X-ray beams is missing. Using dynamic con-
trast imaging over 30 s, the higher and more persistent attenuation achieved with 
the tantalum oxide was appreciated versus iodine. Although the difference in con-
trast between the metals at baseline was modest, the rapid loss of iodinated con-
trast from the blood pool over 30 s led to progressively less iodine contrast relative 
to the more slowly clearing tantalum particles. This proof of concept study dem-
onstrated yet another potential translatable approach to CT and K-edge imaging. 
Metal bioelimination, safety, and optimized effi cacy for a specifi c unmet clinical 
are pending. 

 Along a similar line of investigation, the Hyeon and Choi laboratories [ 55 ] 
reported a silane modifi ed PEG-coated tantalum oxide nanoparticle that was fur-
ther functionalized with a fl uorescent dye and applied to SLN mapping and blood 
pool imaging. The low end of the nanocrystal particle size distribution by TEM 
was 6 nm while the other particles had greater size reaching 15 nm with hydrody-
namic particle size averaging just under 20 nm. For blood pool imaging, high dose 
(840 mg/kg) of the tantalum produced strong blood pool contrast with MPS clear-
ance into the liver and spleen. For SLN mapping, the enhanced CT contrast 
obtained was corroborated with optical imaging for the  bimodal      agent. No acute 
safety problems were reported, but the issues of metal bioelimination, safety, and 
specifi c clinical application remain to be elucidated, particularly for the larger 
particle population.  
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7     Ytterbium 

  Ytterbium (Yb)      based nanomaterials are particularly interesting from a K-edge 
imaging perspective. Yb has a K-edge at 61 keV, which is in the middle of the 
higher energy X-ray spectrum used clinically. At this spectral location the fl ux of 
photons impinging on the detector at somewhat higher and lower energies affords 
better resolution of the K-edge discontinuity than that observed on either extreme 
end of the bandwidth. Ytterbium is a lanthanide metal that is highly abundant at 
much lower cost than other relevant metals, particularly gold. However, as a lantha-
nide similar to gadolinium, unsuspected safety issues, including the potential for 
nephrogenic systemic fi brosis, will need to be carefully assessed. 

 The Lu laboratory [ 56 ] reported a Yb-based nanoparticulate that had prolonged 
circulating time, low acute toxicity, and in addition to CT contrast, offered optical 
up-conversion luminescence ( near infra-red (NIR)   to visible or NIR to NIR). To 
extend its multimodal functionality, they included gadolinium for magnetic reso-
nance imaging (MRI) as well as to contribute to the overall the X-ray attenuation. 
The initial basic particle, NaYbF4:Er, stabilized with oleic acid was noted to have 
considerable size and shape variation. Particle size and shape control was conve-
niently resolved through Gd-doping at 20+ mol%. Nevertheless, particle sizes 
ranged from 20 to 50 nm as determined by TEM. The particles provided marked CT 
contrast and were cleared into the liver and spleen. For MRI, the r1 relaxivity attrib-
utable to the gadolinium was 0.41 mM −1  s −1 , approximately a log 10  order below a 
typical MR blood pool contrast agent, e.g., Gd-DTPA, being ~4.5 mM −1  s −1 . 

 Pursuing a “soft” nanoparticle approach, Pan et al. [ 57 ] developed an ytterbium 
nanocolloid wherein a trivalent ytterbium complex suspended in polysorbate was 
encapsulated within a phospholipid membrane through microfl uidization. The over-
all particle size was 240 nm with low polydispersity (0.2), a slightly negative zeta 
potential (−12 mV) and was designed for vascular constrained application, such as 
detection of ruptured plaque. The 20 % (v/v) nanocolloid suspension (~10 12  parti-
cles/ml) contained 0.41 mg/ml of metallic Yb, which equated to approximately 
1200 K Yb atoms/nanoparticle and was stable at 4 °C for months. Spectral CT 
imaging of the Yb 3+  nanocolloid in the blood pool was clearly shown in the heart, 
perhaps the fi rst K-edge image of Yb 3+  produced (Fig.  6 ). However, largish  nanopar-
ticles      provide considerably less blood pool contrast than small molecules or tiny 
particle on an equimolar basis, which is an advantage for vascular-targeted molecu-
lar imaging. The particles followed a typical biexponential pharmacokinetic profi le 
with a beta-elimination  t  1/2  of 5 h. Biodistribution of the nanocolloid was primarily 
in the liver and spleen acutely and whole body bioelimination was progressive over 
1-week, with about 90 % elimination of the injected dose at 7 days. Similar to the 
bismuth neodecanoate nanocolloids, the Yb-based formulation could be further 
developed for detection of microthrombus in ruptured plaques or other vascular 
molecular imaging applications. However, in contradistinction to bismuth, which 
has a high K-edge (89.5 keV), the Yb 3+ -based nanocolloid K-edge benefi ts in terms  
of contrast sensitivity and radiation dose from being more central within the photon 
energy spectrum of the X-ray beam.
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8        Conclusions 

 Beyond iodinated systems, the recent increase in the development of CT contrast 
agents has coincided with the development of spectral CT. While these agents could 
all be envisioned for use with current clinical and dual energy CT, the incremental 
improvement over approved iodinated contrast agents, particularly for blood pool 
imaging, may be an economic barrier to translation. However, recent advancements 
in  photon-counting detectors   now place spectral CT clearly on the path to the clinic, 
offering higher resolution with lower radiation exposure as basic advantages. 
Spectral CT molecular imaging could be the “icing on the cake” that drives expan-
sion of this capability by addressing intractable medical imaging issues unresolved 
today, such as the issue of coronary ruptured plaque in patients with possible ACS.     
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Theranostic Gold Nanoparticles  
for CT Imaging

Tamar Dreifuss, Eran Barnoy, Menachem Motiei, and Rachela Popovtzer

1  �Introduction

One of the major aims in nanomedicine is the ability to perform multiple functions 
using the same nanovehicle, that is, the ability to achieve both therapeutic and diag-
nostic imaging capabilities using only a single nanoparticle. The unique physical and 
optical properties of gold nanoparticles (GNPs), along with the well-known biosafety 
of gold [1], make GNPs ideal candidates for various biomedical applications, includ-
ing imaging, therapy, and diagnostic systems. So far, GNPs have been utilized for 
various therapy applications, such as drug delivery, phototherapy, and radiotherapy, 
and as a contrast-enhancing agent for computed tomography (CT) and other imaging 
modalities [2–11]. The wide applications of GNPs and their potential for clinical 
implementation, as well as the high flexibility in terms of size and shape and the abil-
ity to attach multiple types of ligands to their surfaces, have led to varying schemes 
for developing multifunctional GNPs, with multiple capabilities within a single plat-
form [2, 12, 13]. Compared with other methods, treatment plans involving the use of 
multifunctional nanoparticles hold the promise of more accurately targeted treat-
ment, with a higher likelihood of a successful outcome. It is this multipronged 
approach on which many studies have been anchored, since it addresses many issues 
usually associated with the most aggressive aspects of disease, including multidrug 
resistance, radioresistance, and recurrence of tumors. Therefore, GNPs have high 
potential to become the next generation theranostic agents for cancerous diseases. 
A schematic diagram of potential multifunctional gold nanoparticles for theranostic 
applications is presented in Fig. 1. This chapter discusses the main approaches for the 
use of GNPs for both therapy and imaging applications, focusing on multifunctional 
gold nanoparticles for theranostic applications involving CT imaging.
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2  �Gold Nanoparticles as CT Contrast Agents

2.1  �Physical Properties

X-ray based CT is among the most convenient imaging/diagnostic tools in hospitals 
today in terms of availability, efficiency, and cost. CT provides superior visualiza-
tion of bone structures due to the inherent contrast between electron-dense bones 
and the more permeable surrounding soft tissues. CT, however, is limited in distin-
guishing between different soft tissues that have similar densities [14]. CT contrast 
agents were introduced in order to improve vascular contrast and to enable better 
delineation of soft tissue structures with similar or identical contrast properties.

Different tissues provide different degrees of X-ray attenuation, according to Eq. (1):

	
I I e x= -

0 	 (1)

where I0 is the incident X-ray intensity, I is the transmitted X-ray intensity, x is the 
thickness of the absorber medium, and μ is the mass attenuation coefficient. The 
most dominant factor impacting the mass attenuation coefficient is the photoelectric 
effect, which is proportional to the third power of the atomic number of the material 
(Z3). Therefore, in order to provide good contrast in CT images, the key factor in the 
selection of CT contrast agents is high atomic number materials.

Fig. 1  Schematic diagram of multifunctional gold nanoparticles (GNPs). Multifunctional GNPs 
can be prepared by either combining metals with different functionalities or combining functional 
small-molecules through different surface engineering strategies

T. Dreifuss et al.



405

Present CT contrast agents are predominantly based on iodine containing mole-
cules, which are effective in absorbing X-rays (Z = 53). However, the atomic number 
of gold (Z = 79) is much higher than that of iodine, and therefore gold can induce 
stronger X-ray attenuation [15]. The ability of gold to induce high CT contrast was 
first demonstrated, inadvertently, by Wilhelm Roentgen, in the first medical imaging 
(Fig. 2). In addition, while iodine containing molecules allow only very short imag-
ing times due to rapid clearance by the kidneys, and are nonspecifically targeted 
because they cannot be conjugated to most biological components or cancer mark-
ers, GNPs can be designed so as to overcome biological barriers and to remain 
confined to the intravascular space for prolonged times [16–18]. In addition, their 
strong binding affinity toward thiol, disulfide, and amine groups, enables binding 
with various targeting agents. Therefore, GNPs are ideal candidates for CT contrast 
agents. Another advantage of GNPs is their ability to be fabricated in a variety of 
shapes and sizes, using simple wet-laboratory techniques. Note that for CT imaging 
the total amount of gold per unit volume (voxel) is the only important parameter 
regardless of the shape of the particles.

Fig. 2  First ever medical 
X-ray image (1895) taken 
by Roentgen. “Hand with 
Ring” print of Wilhelm 
Roentgen’s first “medical” 
X-ray, taken on 22 
December 1895. It 
dramatically showed the 
bones of his wife’s fingers; 
however the real size of her 
finger’s soft tissue could be 
garnered from the clearly 
visible gold ring on her 
finger. Radiology 
Centennial, Inc. 
copyrighted in 1993
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The high-Z nanoparticle contrast agents could also address the important issue of 
relatively high radiation exposure of CT. The new generation CT contrast agents 
that are based on high atomic number materials, such as gold and bismuth, have a 
great potential not only because of their ability to produce contrast higher than con-
ventional iodine-based contrast agents, but even more importantly, because of the 
possibility to lower the overall radiation exposure to patients.

Low-to-middle X-ray photon energy (25–120 keV) is used for diagnostic radiol-
ogy, producing significant contrast between bone and other tissues, resulting in high 
quality CT images. However, since most of this energy is being absorbed, it exposes 
the patient to a high dose of radiation. Since the higher energy photons in the energy 
spectrum produced by the X-ray tubes have a much lower interaction cross section 
for soft tissue than the nanoparticles, it is possible that filtering lower energies of the 
X-ray spectrum will lead to lower absorbed radiation dose to the patient. The uptake 
pattern of these particles can be visualized as distinct contrast relative to their soft 
tissue background [14]. Therefore, high-Z nanoparticles as contrast agents may per-
mit CT imaging at lower patient doses, with better sensitivity and good specificity.

Spectral CT (popularly referred to as multicolor CT) is a new promising technol-
ogy that enhances the traditional CT images by using simultaneously different 
energy settings, which enable the differentiation of materials, based on their energy-
related attenuation profiles. The concept of spectral CT exploits the K-edge discon-
tinuity in the photo-electric component of X-ray absorption [19]. Gold has K-edge 
values within the X-ray energy bandwidth of CT, and thus is an excellent candidate 
as contrast agents for spectral CT [20]. Several studies have demonstrated that 
spectral CT can accurately distinguish GNP-based contrast agents from an iodin-
ated contrast agent, tissue, or calcium-rich matter [21–23].

Another important parameter, and indeed a major challenge in the implementa-
tion of high-Z contrast agents—lies in the relatively low sensitivity of the CT to the 
contrast agents’ concentration. For example, for MRI contrast agents, proton relax-
ation must be altered, requiring agents that can perturb the local magnetic field 
around the proton. The perturbing field in MRI of a super-paramagnetic particle is 
effective at up to 50-times its diameter, and therefore influences water protons in 
several cell layers around its location [24]. This phenomenon results in sensitivity 
of the MRI to micromolar contrast agents’ concentration [25]. By contrast, CT con-
trast agents lack such an amplification ability. CT is sensitive to millimolar contrast 
agent concentrations; therefore, in order to induce sufficient contrast in the desired 
organ, a much larger amount of high-Z molecules is needed, since the CT contrast 
is linearly proportional to the total amount of the high-Z molecules in a voxel.

2.2  �GNPs as Blood Pool, Passive and Active Contrast Agents

As blood pool contrast agents, GNPs extended the blood circulation time from sev-
eral minutes (with the clinically used iodine compounds) to hours or even days 
[26–29] and show stronger X-ray attenuation than the currently used iodine-based 
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compounds (under the same clinically relevant conditions) [26, 30]. By taking 
advantage of the progressive permeation through transendothelial pores on tumor 
blood vessels (the EPR effect), GNPs of a certain size range can passively accumu-
late on tumors. This nonselective “passively targeting” approach was demonstrated 
in several studies which showed significant CT contrast enhancement caused by 
accumulation of GNPs within the tumor and in areas surrounding it [9, 31].

Conjugation of GNPs to a variety of ligands, including antibodies, peptides, 
aptamers, or small molecules that possess high affinity toward unique molecular 
signatures found on diseased cells, produces active targeting agents, which can 
selectively accumulate on specific cells or tissues. Molecularly targeted nanoparti-
cles reach tumor tissues through the EPR effect (as in passive targeting). However, 
the active targeting has additive values; the nanoparticles home selectively into spe-
cific tumors and remain at the tumor site for extended durations, thereby increasing 
the local accumulation of the nanoparticles at sites of interest. Studies have shown 
that molecularly targeted GNPs can enhance the visibility of small tumors in CT, 
and that active tumor targeting is more efficient than passive targeting [9, 32–34]. 
This specific interaction between antigen and antibody or receptor and its ligand 
was shown to be an effective strategy to improve the amount and residence time of 
contrast agents in tumors, as well as to provide specific molecular knowledge 
regarding the findings. This new approach of molecularly targeted CT contrast 
agents has changed the concept of CT from diagnosis based on anatomical struc-
tures to diagnosis according to molecular markers.

3  �GNP as Multimodal Imaging Contrast Agents

The idea of multimodality imaging, with two or more imaging modalities, has 
brought new perceptions to the fields of clinical and preclinical imaging. The inte-
gration between different individual imaging techniques allows each to compensate 
for the limitations of the other, thus to achieve synergism and improve the quality 
and accuracy of the diagnostic tool or research platform. GNPs can be utilized as 
multimodal imaging contrast agents, for combining CT with additional imaging 
modalities, as described below.

3.1  �CT and MRI

For the development of nanoparticle-based contrast agents for dual mode CT/MR 
imaging, both CT and MR imaging elements should be incorporated. As the most 
commonly used MRI contrast agents are based on chelates of gadolinium, gadolinium 
(Gd)-chelated Au nanoparticles have been designed for CT/MR dual mode imaging 
in several studies [35–37]. For example, Wen et al. [35] have reported the utilization 
of gadolinium-loaded dendrimer-entrapped gold nanoparticles (GdeAu DENPs) for 
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dual mode CT/MR imaging of the heart, liver, kidney, and bladder of rat and mouse. 
They showed that the GdeAu DENPs have enhanced X-ray attenuation due to the 
entrapped AuNPs, as well as the complexed Gd(III) ions, which enable efficient dual 
mode CT/MR imaging. They further showed that the GdeAu DENPs are non-cytotoxic 
at an Au concentration up to 50 mM, and can be cleared from major organs within 24 h. 
In another study [36], folic acid-modified multifunctional dendrimer-entrapped gold 
nanoparticles loaded with gadolinium have been used for targeted CT/MR imaging of 
cancer in vitro and in vivo via FA receptor-mediated active targeting pathway.

Triple-modal imaging with a single nanostructure has also gained attention in 
recent years. Hu et al. [37] have developed hybrid gold–gadolinium nanoclusters 
(NCs), which are suitable for triple-modal NIRF/CT/MRI imaging. The hybrid NCs 
have been effectively accumulated in tumor tissues and quickly cleared by renal 
excretion.

3.2  �CT and Nuclear Imaging

The incorporation of CT with nuclear imaging (PET and SPECT) enables both func-
tional and anatomical information in a single setting. GNPs can be radiolabeled with 
different radioactive tracers in order to supplement CT with nuclear imaging. Indeed, 
coupling of gold to a radiotracer was investigated in a number of studies. A recent 
study [38] reported the integration of 64Cu into the structures of gold nanoparticles. 
In this study, PET/CT image of mouse breast cancer model showed high passive 
tumor targeting and contrast ratios after intravenous injection of those 64CuAuNPs. 
In another study [39], gold nanocages were prepared and radiolabeled with 64Cu, for 
evaluating the pharmacokinetics and in vivo cancer targeting capability in a murine 
EMT-6 breast cancer model. Furthermore, Su et al. [40] have represented theranostic 
iodine-125-labeled cRGD-gold nanoparticles, which act as tumor-targeted radiosen-
sitizer and SPECT/CT imaging agent. The introduction of 125I on the GNP serves as 
both a therapeutic factor and a radiotracer for in vivo nuclear imaging. It is important 
to note that in these aforementioned studies, the use of gold was not aimed to enhance 
CT intensity, but to earn stability and high loading capabilities of gold nanoparticles, 
as well as their pharmacokinetics and biodistribution properties.

3.3  �CT and Fluorescent Imaging

While optical imaging methods suffer in spatial resolution and offer only a limited 
penetration depth, they are very sensitive, fast, and readily distinguish between sev-
eral sources with great soft tissue contrast on cellular and even molecular scales 
[41–43]. Near-infrared radiation (NIR) allows for relatively deep light penetration 
into biological tissues with minimal autofluorescence, providing higher signal-to-
noise ratios than visible light [41, 43, 44]. A property often used in CT-fluorescence 
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dual-modal GNP constructs is that GNPs possess very efficient surface-energy trans-
fer properties that can significantly affect the fluorescence of molecules near their 
surface, both with quenching and with fluorescence enhancement [42, 43, 45–57]. 
Combining the strong spatial resolution and unlimited penetration depth of CT with 
the sensitivity available from fluorescence is a promising and widely explored dual-
modal imaging technique [42, 43].

Zhang et al. [43] packed gold nanoparticles with a fluorescent dye into polymer 
micelles. The dye used possessed the unusual property of aggregation-induced 
emission, so that the aggregated dye was able to produce a signal that overcame the 
quenching effects of the GNPs. The result was a construct with a strong fluorescent 
signal, as well as being an efficient CT contrast agent in tumor sites. Sun et al. [58] 
modified GNPs with glycol chitosan polymers and an NIR fluorescent dye adsorbed 
using a peptide sequence cleavable by a matrix metalloproteinase (MMP). Prior to 
cleavage, the GNPs quenched approximately 95 % of the fluorescence compared to 
the fluorophore alone. Fluorescence was regained proportionally to the concentra-
tion of environmental MMP. GNPs allowed easy imaging of the tumor in CT, while 
the NIR fluorescence signaled strongly starting an hour post injection. Luo et al. 
[44] attached the NIR dye ICG to gold nanorods coated with mesoporous silica. The 
layer of silica protected the ICG from GNP quenching. By injecting the constructs 
into mouse tumors, in addition to the efficient CT images, they witnessed NIR fluo-
rescence up to 12 h post injection. Song et al. [41] coated gold nanospheres with 
mesoporous silica, and inserted the dye IR-783 into the silica pores. The silica shell 
was prepared to prevent quenching. In combination, these constructs proved to be 
strong CT contrast agents with significant fluorescent abilities lasting several hours.

3.4  �CT and Photoacoustic Imaging

In photoacoustic (PA) imaging, short laser pulses are delivered into the subject, 
resulting in local heating which leads to thermoelastic expansion and thus wideband 
ultrasonic emission. GNPs strongly absorb light and thus are potential contrast 
agents for PA. The strategy of using GNPs as dual mode CT/PA contrast enhancers 
has been investigated by Chanda et  al. [59]. They used cinnamon-coated gold 
nanoparticles (Cin-AuNPs) and showed that these particles underwent significant 
accumulation in breast cancer and prostate cancer cells, facilitating detectable PA 
signals. In addition, quantitative analysis of CT values in a phantom model revealed 
that the Cin-AuNPs have reasonable attenuation efficiency. Another recent study, 
published by Jing et al. [60], has utilized Prussian blue-coated gold nanoparticles 
(Au@PB NPs) for simultaneous PA/CT bimodal imaging and photothermal abla-
tion of cancer, applying the theranostic approach. The Au@PB NPs were found to 
be an excellent photoabsorbing agent for both PA imaging and photothermal ther-
apy due to a high photostability and high molar extinction coefficient in NIR region. 
Moreover, a remarkable enhancement of CT values in tumor sites was observed due 
to the Au@PB NPs.
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4  �Therapeutic Gold Nanoparticles

Therapeutic nanoparticles can overcome various limitations of conventional drug 
delivery systems, such as nonspecific targeting, lack of water solubility, poor oral 
bioavailability, and low therapeutic indices [16, 61]. GNPs are highly suitable for 
drug delivery systems, due to their strong binding affinity toward thiol, disulfide, 
and amine groups, which enables binding with various targeting agents and thera-
peutic moieties. In addition, by taking advantage of the inherent unique characters 
of gold itself, GNPs can be exploited to photothermal therapy (PTT) and radiother-
apy in which the GNP itself has the therapeutic value, as will be discussed below.

4.1  �Drug Delivery

Gold is consistently used in various forms for biological applications owing to ease 
of fabrication and surface modification, as well as gold’s inherent biological com-
patibility [2, 3, 62, 63]. Using simple wet-laboratory techniques, GNPs have been 
fabricated in a variety of shapes and sizes, and used as the core or the shell for 
polymer–metal [62, 63] and metal–metal [64, 65] hybrid nanoparticles. Therapeutics, 
such as proteins, peptides, oligonucleotides, or small drug molecules, can be 
attached to the gold nanoparticle surface directly, via amine or thiol groups [63], or 
indirectly, using a molecule such as bovine serum albumin [66] or the penta-peptide 
with the amino acid sequence CALNN [67].

GNPs have been widely investigated as drug delivery vehicles for cancer treat-
ment, while implementing both passive and active targeting approaches. For exam-
ple, a drug delivery system was developed [68] by tethering doxorubicin onto the 
surface of GNPs with a poly(ethylene glycol) spacer via an acid-labile linkage. The 
doxorubicin-tethered GNPs (DOX-Hyd@AuNPs) achieved enhanced drug accumu-
lation and retention in multidrug resistant MCF-7/ADR cancer cells when it was 
compared with free doxorubicin. It released doxorubicin in response to the pH of 
acidic organelles following endocytosis, and significantly enhanced the cytotoxicity 
of doxorubicin. Therefore, the DOX-Hyd@AuNPs considerably inhibited the growth 
of multidrug-resistant MCF-7/ADR cancer cells. In another study [69], the antitumor 
efficacy of GNPs conjugated non-covalently with three conventional chemotherapy 
drugs (doxorubicin, cisplatin, and capecitabine) was evaluated in vitro. The cellular 
proliferation rates in the presence of the anticancer drugs delivered by the GNPs were 
found to be significantly lower than those of cells exposed to free drugs. In addition, 
these GNPs were also efficient when tested with chemotherapy resistant cells.

To improve the therapeutic outcomes, the active tumor targeting approach is 
implemented by coupling targeting agents to drug-loaded GNPs. Prabaharan et al. 
[70] have synthesized folate (FA)-conjugated amphiphilic GNPs with a poly(L-
aspartate-doxorubicin)-b-poly(ethylene glycol) monolayer (Au-P(LA-DOX)-b-
PEG-OH/FA) that interacts with the FA receptor. They showed that the presence 
of FA enables active tumor targeting abilities, as the cellular uptake of the 
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Au-P(LA-DOX)-b-PEG-OH/FA micelles into cells overexpressing the FA recep-
tor was higher than that of micelles without folate. In addition, Conjugation of 
DOX onto the NPs and the pH-sensitive properties of its linkage to the NP, greatly 
reduce the chance of premature drug release during circulation in the bloodstream, 
offering a potential DOX carrier. In another study [71], Paciotti et al. developed a 
colloidal GNP that targets the delivery of tumor necrosis factor (TNF) to solid 
tumors. TNF is an antitumor cytokine that is prone to systemic toxicity when 
administrated as a free drug. While conjugated to the GNP (which was coated also 
with PEG-THIOL), it was less toxic and more effective in reducing tumor burden, 
since maximal antitumor responses in tumor bearing mice were achieved at lower 
doses of drug. In this study, the TNF served both as antitumor and targeting ligand.

4.2  �Gene Delivery

As DNA is not efficiently translocated through the cell membrane [72], designing 
effective synthetic vectors for transporting nucleic acids, including plasmid DNA, 
small interfering RNA, or antisense oligonucleotides, is also a challenge which can 
be addressed using gold nanoparticles [73–76]. Ghosh et al. [77] have demonstrated 
that coating GNPs with lysine-based headgroups produces effective transfection vec-
tors, without any observed cytotoxicity. They further showed that DNA delivery effi-
ciency strongly depends on the structure of headgroups and their concomitant ability 
to condense DNA. Importantly, these amino acid-based nanoparticles were respon-
sive to intracellular glutathione levels, during in vitro transfection, providing insight 
into their mode of activity, as well as a tool for controlled release and concomitant 
expression of DNA. Guo et al. [78] reported charge-reversal functional GNP as car-
rier for gene delivery. In this study, Lamin A/C, an important nuclear envelope pro-
tein, was effectively silenced by lamin A/C-siRNA delivered by the charge-reversal 
functional GNPs, whose knockdown efficiency was better than that of commercial 
Lipofectamine 2000. The charge reversion under an acidic environment facilitated 
the escape of GNP/nucleic acid complexes from endosome/lysosome and the release 
of functional nucleic acids into the cytoplasm. Another example of using GNPs for 
gene silencing was recently presented by Conde et al. [79], who synthesized a library 
of multifunctional GNPs, aimed to deliver siRNA and specifically silence the c-myc 
protooncogene. The efficiency of the GNPs was evaluated using a hierarchical 
approach including three biological systems of increasing complexity (cultured cells, 
invertebrate, and mammal). After fine-tuning of multiple structural and functional 
moieties, the most active formulation was selected, consisting of siRNA, which is 
either covalently or ionically linked to the nanoparticles. Another interesting study 
[80] has reported proof of concept for the selective release of two different DNA 
oligonucleotides from two different gold nanorods. DNA was loaded onto the 
nanorods via thiol conjugation, and selective release was specifically induced by 
melting of gold nanorods via laser irradiation at the nanorods’ longitudinal surface 
plasmon resonance peaks. The released oligonucleotides remained functional.
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4.3  �Photothermal Therapy

In the case of photothermal therapy (PTT), GNPs are advantageous because of their 
ability to strongly absorb light (orders of magnitude higher than organic dye mole-
cules) [3], and then convert the absorbed light into heat via a nonradiative processes. 
This process occurs on a time scale on the order of picoseconds, leading to intense 
localized heating and irreparable damage to the cell [81, 82]. In many cases gold by 
itself has served as the photosensitizer. On the other hand, GNPs enable delivery of 
exogeneous photosensitizers to cells in high enough concentrations [83]. Moreover, 
the ability to easily add targeting moieties to the GNP surface enables preferential 
uptake into the malignant cells, for selective heating of the targeted cells, while 
leaving the neighboring cells intact.

Consequently, GNPs have been most frequently exploited for PTT, in compari-
son to options involving other metal, dye–polymer or carbon-based nanoparticles. 
The exceptionally high extinction coefficient of gold (1 × 1019 M−1 cm−1 for 20 nm 
gold nanoparticles) [84] is orders of magnitude higher than that of strongly absorb-
ing organic dyes (e.g., Coomassie blue, 4.3 × 104 M−1 cm−1) [85], which makes gold 
an ideal PTT mediator. Also, the localized surface plasmon resonance of GNPs is 
highly dependent on the morphology of the nanoparticles and can be easily tuned 
during the fabrication process [84]. Typically, the absorption of GNPs is tuned to be 
in the range between 600 and 1000 nm, the so-called therapeutic window in which 
the interaction of light with biological tissues is low, that is, attenuation and scatter-
ing effects are at a minimum.

Nanoparticle-mediated PTT is especially well suited for treating cancer owing to 
the increased heat sensitivity associated with cancer cells, as well as a tumor’s 
inability to efficiently dissipate heat as a result of its poor vasculature networks. To 
date, various cancer cell lines, including breast [5], epithelial [86, 87] and colon 
[12] cancers, have been successfully treated by GNP-mediated PTT, both in vitro 
and in vivo. Recently, a study that builds on work by Qian et al. [88] has success-
fully achieved controlled surface engineering of gold nanoparticles, using multiple 
ligands [PEG 5K, (RGD)4 and NLS (nuclear localization signal) peptides] for effi-
cient delivery into cell nuclei [89]. The nanoparticles were then utilized in PTT 
studies. One motivation for this study [89] was to investigate the likely advantages 
of directly heating the nucleus of cancer cells, advantages stemming from the fact 
that the nucleus has a smaller target volume, a lower heat capacity and an increased 
likelihood of causing irreparable damage to the cell’s DNA. A stark reduction in the 
survival curves of the cells that had GNPs located predominantly in the nucleus, as 
opposed to cells that had nanoparticles located predominantly in the cytosol, was 
observed for cells that were treated under the same conditions, that is, the same 
GNP concentration and treatment time. Another recent study involving both in vitro 
and in vivo PTT studies was reported by Yuan et al. [90]. They detailed the fabrica-
tion of surfactant-free gold nanostars and their use for both in vitro and in vivo 
studies of nanoparticle tracking, via plasmon enhanced two-photon photolumines-
cence, and for PTT of breast cancer cells. Yuan and his colleagues found that 3 min 
of treatment yielded successful cell kill, and 5 min of treatment gave the best results. 
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Control measurements involving cells that were exposed to the laser, but had not 
been incubated with nanostars, showed that these cells were still viable after 5 min 
of illumination. For the in  vivo studies, PEGylated nanostars were injected into 
CD-1 nude mice that were previously implanted with small dorsal window cham-
bers. After 10 min of PTT, visual confirmation of photo-ablation was indicated by 
the release of the gold nanoparticles out of the ruptured vessels; scarring occurred 1 
week later. One major research area aimed at improving GNP-mediated PTT is the 
utilization of gold clusters or aggregates [91–94], as the corresponding maximum 
absorption is red-shifted toward the near-IR range of the “therapeutic window,” 
resulting in less concern regarding unwanted interaction with the surrounding 
healthy tissues. It should be noted that, despite the multitude of promising out-
comes, the variability among the results has continued to encourage further studies 
aimed at elucidating the mechanisms of heat generation and thermolysis (e.g., 
shockwaves, micro- and nano-bubbles, and nanoparticle destruction [93, 95, 96]).

4.4  �Radiation Therapy

The use of targeted radiosensitizers in cancer treatment is intended to increase 
tumor sensitivity to radiation, while sparing normal healthy tissue the effects of 
x-radiation, thereby increasing the therapeutic window. Lately, several studies have 
suggested that the administration of GNPs into tumors may improve radiosensitiv-
ity. GNPs are an ideal candidate to be used as radiosensitizing agents, since high 
atomic number (Z) materials increase radiation sensitivity owing to their greater 
absorption of photons and release of secondary energy in the form of photoelec-
trons, auger electrons, and X-rays into surrounding tissue [30, 97]. The close prox-
imity of GNP to nuclear DNA increases the probability of creating DNA strand 
breaks, the primary mechanism of radiation-induced cytotoxicity [98, 99]. When 
GNPs specifically target cancer cells (e.g., via antibody–antigen interaction), large 
amounts of gold atoms accumulate in the tumor, leading to an enhancement of the 
radiation effect on the tumor. Chattopadhyay et al. [100] tested the effect of molecu-
larly targeted GNPs on tumor radiosensitization both in vitro and in vivo. In vitro, 
they combined X-ray exposure with targeted AuNPs (Au-T) and non-targeted 
AuNPs (Au-P), and found that DNA damage was increased by 1.7- and 3.3-fold in 
comparison to X-radiation alone, for Au-T and Au-P, respectively. In vivo, the com-
bination of Au-T and X-radiation resulted in regression of human breast cancer 
tumors by 46 % as compared to treatment with X-radiation. No significant normal 
tissue toxicity was observed. The mechanism underlying cell death in GNP-induced 
radiation sensitivity is unclear and several theories have been proposed. The main 
suggested hypothesis includes an increase in apoptosis, increased generation of 
intracellular reactive oxygen species or direct DNA damage causing DNA double 
strand break [98]. Roa et al. [101] found that GNP may sensitize radiotherapy by 
regulating the cell cycle. They showed that it induced the acceleration of the G0/G1 
phase and cell accumulation in the G2/M phase, which were accompanied by down-
regulation of p53 and cyclin expression and upregulation of cyclin B1 and cyclin E.
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4.5  �Photodynamic Therapy

Photodynamic therapy (PDT) in cancer treatment involves the uptake of a photosen-
sitizer by cancer tissue followed by photoirradiation [102]. Photoirradiation in the 
appropriate wavelength excites the photosensitizer to produce reactive oxygen spe-
cies (ROS), which causes damage to tumor cells. GNPs hold the promise to be highly 
efficient as photosensitizer carriers, and their use for PDT applications was investi-
gated in several studies. Wieder et al. [103] presented a comparison between silica 
and gold nanoparticle systems. They argued that photosensitizer-coated GNP is pref-
erable over an encapsulated photosensitizer, in that the generated singlet oxygen 
would not need to diffuse out of the porous particle structure to elicit cell kill. Hone 
et al. [104] reported the preparation of GNPs coated with a phthalocyanine (Pc) pho-
tosensitizer and their use as delivery vehicle for photodynamic therapy. The nanopar-
ticles, consisted of three components (photosensitizer/gold/phase transfer reagent), 
were shown to generate singlet oxygen with enhanced quantum yields as compared 
to the free Pc. In addition, the association of the transfer reagent promoted the solu-
bility of the surface-bound hydrophobic sensitizer in polar solvents, facilitating their 
systemic injection. In another study, Cheng et al. [105] have developed PEGylated 
gold nanoparticle conjugates with a reversible PDT drug adsorption, which act as a 
water-soluble and biocompatible “cage” that allows the delivery of the hydrophobic 
drug to its site of PDT action. This delivery mode greatly improved the transport of 
the PDT drug to the tumor relative to conventional drug administration.

5  �The Theranostic Approach: Combined Imaging 
and Therapy

Co-delivery of the above therapeutic and imaging functions by specifically tailored 
theranostic gold nanosystems can considerably improve medical treatment, particu-
larly in oncology. Diagnosis, treatment, and monitoring response to treatment can 
be reached with a single approach [5], thus enhancing personalized medicine. We 
present here prominent recent publications that combine different therapeutic strate-
gies with CT imaging. The data is summarized in Table 1.

5.1  �Combining Drug Delivery with CT Imaging

Chemotherapy success requires delivery of drugs to the tumor cells at concentra-
tions above a therapeutic threshold. This is affected not only by the accumulation 
level in the tumor but also by drug distribution in the tumor stroma, which can often 
vary among different tumor regions, disease stages, and patients [106]. This issue 
can be addressed by image-guided drug delivery, which enables monitoring drug 
distribution in the tumor, as well as in the whole body.

T. Dreifuss et al.



415

Ta
bl

e 
1 

P
ro

m
in

en
t 

re
ce

nt
 s

tu
di

es
 t

ha
t 

co
m

bi
ne

 d
if

fe
re

nt
 t

he
ra

pe
ut

ic
 a

nd
 d

ia
gn

os
ti

c 
st

ra
te

gi
es

 w
it

h 
C

T
 i

m
ag

in
g

T
he

ra
no

st
ic

 s
tr

at
eg

y
N

an
op

ar
ti

cl
e 

ty
pe

T
he

ra
pe

ut
ic

 a
ge

nt
T

ar
ge

ti
ng

 a
ge

nt
R

ef
er

en
ce

D
ru

g 
de

li
ve

ry
 a

nd
 C

T
A

pt
am

er
-c

on
ju

ga
te

d 
G

N
P

D
ox

P
S

M
A

 a
pt

am
er

[1
07

]

D
ru

g 
de

li
ve

ry
 a

nd
 C

T
D

en
dr

im
er

-e
nt

ra
pp

ed
 G

N
P

α-
T

O
S

F
ol

ic
 a

ci
d

[1
08

]

D
ru

g 
de

li
ve

ry
 a

nd
 C

T
D

en
dr

im
er

-e
nt

ra
pp

ed
 G

N
P

α-
T

O
S

R
G

D
 p

ep
ti

de
[1

13
]

P
T

T
 a

nd
 C

T
P

E
G

-p
ro

te
ct

ed
 G

N
R

–
–

[5
]

P
T

T
 a

nd
 C

T
G

N
R

–
–

[1
14

]

P
T

T
 a

nd
 C

T
P

ol
ym

er
 g

ra
ft

ed
 G

N
P

–
–

[1
15

]

P
T

T
 a

nd
 b

im
od

al
 S

P
E

C
T

/C
T

12
5I

-l
ab

el
ed

 G
N

R
–

F
ol

at
e

[1
16

]

P
T

T
 a

nd
 b

im
od

al
 P

A
/C

T
P

L
A

 m
ic

ro
ca

ps
ul

es
 c

on
ta

in
in

g 
G

N
P

s
–

–
[1

17
]

P
T

T
 a

nd
 b

im
od

al
 P

A
/C

T
A

u@
P

B
 c

or
e–

sh
el

l 
na

no
pa

rt
ic

le
P

ru
ss

ia
n 

bl
ue

–
[6

0]

P
T

T
 a

nd
 m

ul
ti

m
od

al
 S

E
R

S
/C

T
/T

P
L

G
ol

d 
na

no
st

ar
–

–
[1

18
]

P
T

T
 a

nd
 m

ul
ti

m
od

al
 M

R
/C

T
/t

he
rm

al
 i

m
ag

in
g

F
e3

O
4@

A
u 

co
re

–s
he

ll
 n

an
os

ta
r

–
H

ya
lu

ro
ni

c 
ac

id
[1

19
]

R
T

 a
nd

 C
T

P
E

G
-m

od
ifi

ed
 G

N
P

–
–

[1
20

]

R
T

 a
nd

 C
T

N
an

og
el

 e
nc

ap
su

la
ti

ng
 P

E
G

yl
at

ed
 G

N
P

s
–

–
[1

21
]

R
T

 a
nd

 C
T

G
ol

d-
lo

ad
ed

 p
ol

ym
er

ic
 m

ic
el

le
s

–
–

[1
22

]

R
T

 a
nd

 b
im

od
al

 S
P

E
C

T
/C

T
12

5I
-l

ab
el

ed
 G

N
P

12
5I

R
G

D
[4

0]

R
T

 a
nd

 b
im

od
al

 S
P

E
C

T
/C

T
13

1
I-

la
be

le
d 

G
N

P
–

C
22

5
[1

23
]

B
im

od
al

 R
T

/P
T

T
 a

nd
 C

T
S

il
ic

a-
m

od
ifi

ed
 G

N
R

–
F

ol
ic

 a
ci

d
[1

24
]

M
ul

ti
m

od
al

 d
ru

g 
de

li
ve

ry
/P

T
T

/R
T

 a
nd

 C
T

H
G

N
P

D
ox

–
[1

25
]

Theranostic Gold Nanoparticles for CT Imaging



416

For this purpose, several studies were conducted in which drugs were loaded 
onto or into gold nanoparticles for visualization by CT imaging. Kim et al. [107] 
reported a multifunctional GNP for targeted molecular CT imaging and therapy of 
prostate cancer. For targeting, the GNP surface was functionalized with a prostate-
specific membrane antigen (PSMA) RNA aptamer that binds to PSMA.  In vitro 
experiments showed that the PSMA aptamer-conjugated GNP induced more than 
fourfold greater CT intensity for a targeted LNCaP cell than that of a nontargeted 
PC3 cell. Moreover, after loading the targeted GNP with doxorubicin (approxi-
mately 615 Dox molecules per GNP), drug release experiments showed that approx-
imately 35 % of Dox was released within 1  h, and the particle potency against 
targeted LNCaP cells was significantly higher than against nontargeted PC3 cells. 
Another multifunctional theranostic GNP for targeted CT imaging and drug deliv-
ery was developed by Zhu et al. [108]. They reported dendrimer-entrapped GNPs 
(Au DENPs) covalently linked with α-tocopheryl succinate (α-TOS), which can 
induce apoptosis of various cancer cells, inhibit the cell cycle, and disrupt the neces-
sary autocrine signaling pathways of tumor growth [109, 110], while not affecting 
the proliferation of most normal cells [111, 112]. The practical use of free α-TOS is 
limited due to poor water solubility and bioavailability. In this study, the GNP plat-
form has been found to improve these limitations, without compromising α-TOS 
therapeutic activity (there was an even higher therapeutic efficacy than that of free 
α-TOS). Au DENPs were also modified with folic acid (FA) for targeting to cancer 
cells overexpressing FA receptors (FAR). In vivo experiments with a xenografted 
tumor model demonstrated that CT images and corresponding CT values of the 
tumor site did not show an enhancement at 2 h post-injection of both targeted and 
nontargeted Au DENPs. However, at 24 h post injection, significant CT enhance-
ment in the tumor was observed for mice injected with targeted Au DENPs, com-
pared to that injected with non-targeted Au DENPs (Fig.  3a). In the therapeutic 
aspect, the tumor growth rate of mice injected with targeted Au DENPs was much 
slower than that of mice treated with saline, free α-TOS, and non-targeted Au 
DENPs (Fig. 3b). Following this work, Zhu et al. [113] reported multifunctional Au 
DENPs, also modified with α-TOS, but with another targeting ligand: arginine–gly-
cine–aspartic acid (RGD) peptide. These multifunctional Au DENPs were able to 
target cancer cells overexpressing αvβ3 integrin and specifically inhibit the growth of 
the cancer cells. Likewise, via the specific RGD-mediated targeting, αvβ3 integrin-
overexpressing cancer cells were specifically detected by CT imaging.

5.2  �Combining Photothermal Therapy with CT Imaging

The potential of simultaneous utilization of GNPs for CT imaging along with the 
emerging and highly promising treatment, photothermal therapy, has been widely 
studied in recent years. Maltzahn et al. [5] developed PEG–protected gold nanorods 
(PEG-NRs) for both photothermal heat generation and tumor CT imaging. After intra-
tumoral administration, Maltzahn et al. fused PEG-NR biodistribution data derived 
via noninvasive X-ray computed tomography, with four-dimensional computational 
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heat transport modeling to predict photothermal heating during irradiation. The 
PEG-NRs exhibited ~2-fold higher X-ray absorption than a clinical iodine contrast 
agent, and enabled destruction of all irradiated human xenograft tumors in mice. 
Recently, Qin et al. [114] developed gold nanorods (GNRs) as a theranostic platform 
for CT imaging and PTT of inflammatory macrophages. In this study, in vitro experi-
ments showed that the GNRs exhibited a significant cell-killing efficacy of macro-
phages, even at relatively low concentrations of GNRs and low NIR powers. In 
addition, in vivo therapeutic experiments demonstrated that the GNRs could image 
and use PTT of inflammatory macrophages in the femoral artery restenosis of an 
apolipoprotein E knockout (Apo E) mouse model. In another study, Deng et al. [115] 
presented a gold assembly structure as a potential photothermal therapeutic and CT 
contrast agent. Two different amphiphilic polymers were anchored onto the GNP, 
yielding a smart hybrid building block for self-assembly. By varying the ratio of 
these mixed polymer brushes, a series of amphiphilic nanocrystals was obtained, 
while an increase in the hydrophobic/hydrophilic ratio resulted in different assembly 
structures, from a normal monolayer vesicle to large compound micelle (LCM). Due 
to the strictly packed structure of LCM, the LSPR peaks of GNPs could be tuned to 
NIR region, for enhanced PTT. In vitro and In vivo studies showed efficient treat-
ment of optimum gold assemblies as a PTT and CT contrast agent (Fig. 4).

Fig. 3  (a) Representative transverse CT images (top) and CT values (bottom) of U87MG tumor 
xenografts in nude mice before and after intravenous injection of Au-TOS-FA (1) and Au-TOS (2) 
DENPs for 2 and 24 h, respectively. The white star indicates the location of the tumor. (b) The growth 
of U87MG xenografted tumors after various treatments. Reprinted with permission from Ref. [108]
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Multifunctional GNPs can serve also for a combination of PTT and multimodal 
imaging for theranostic applications. For example, incorporation of a radioactive 
tracer on GNP for dual mode SPECT/CT imaging and PTT was presented by Jang 
et al. [116]. Likewise, simultaneous photoacoustic/CT bimodal imaging and PTT of 
cancer using GNPs was presented recently in formulations of graphene oxide modi-
fied PLA microcapsules containing gold nanoparticles [117], and core–shell 
nanoparticles of Au@Prussian blue (Au@PB) [60]. Additional recent studies have 
demonstrated gold nanostars (GNS) as theranostic probes for PTT and multimodal 
imaging of cancer [118, 119].

5.3  �Combining Radiation Therapy with CT Imaging

Image-guided RT (IGRT) relies on the ability to localize tumors in order to optimize 
the therapeutic outcomes. GNPs may represent an efficient theranostic adjuvant for 
CT-guided RT treatment, due to their radiosensitive properties and the ability to 
enhance CT contrast. Accordingly, they are currently being studied in this theranostic 
role, and have thus far shown great potential in clinical applications. Joh et al. [120] 

Fig. 4  Schematic representation of assemblies composed by polymer grafted GNPs and their 
potential application in photothermal therapy and CT imaging of cancer. Reprinted with permis-
sion from Ref. [115]
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have investigated the therapeutic and diagnostic value of PEG-modified GNPs 
(P-GNPs) combined with RT for sarcoma. Their experimental techniques included 
intravenous administration of the P-GNP, CT imaging of mice with engrafted sar-
coma tumors for RT treatment planning, and precision-targeted RT delivered using a 
Small Animal Radiation Research Platform (SARRP). The results demonstrated that 
P-GNP in conjunction with RT enhanced CT imaging, caused increased RT-induced 
DNA damage, and led to significantly reduced clonogenic survival of tumor cells, 
compared to RT alone, while minimizing radiation dose to normal tissues. Jølck et al. 
[121] have developed a nanogel based on colloidal gold in a sucrose acetate isobutyr-
ate gelating matrix, for IGRT. They investigated the induced CT contrast and the 
stability of the nanogel over a period of 12 weeks. It was demonstrated that once 
injected, the nanogel remained at the injection site and provided excellent CT-contrast 
as visualized by micro-CT imaging. In addition, in vitro and in vivo experiments 
showed that the nanogel was stable over time both in terms of geometry, volume, and 
GNP content. Minor degradation was observed after 12 weeks, suggesting an accept-
able degradation profile for image guidance in patients undergoing fractioned RT, as 
the treatment is typically conducted within a 6 weeks time frame. Another nanoplat-
form that could simultaneously generate a CT image contrast and serve as a radiosen-
sitizer was developed by Zaki et  al. [122]. They prepared gold-loaded polymeric 
micelles (GPMs), which provided blood pool contrast for up to 24 h following intra-
venous injection, and improved the delineation of tumor margins via CT. In combina-
tion of GPMs with radiation, tumor-bearing mice exhibited a 1.7-fold improvement 
in the median survival time compared with mice receiving radiation alone (Fig. 5).

Multifunctional theranostic GNPs for combination of RT with dual-mode 
SPECT/CT were also presented by Su et  al. [40], who used targeted 125I-labeled 
cRGD-GNPs, and by Kao et al. [123], who used 131I-labeled EGFR-targeted GNPs.

5.4  �Combining Multimodal Therapy with CT Imaging

Today, treating patients with a broad-spectrum approach is preferable among most 
clinicians. Multimodal therapy (MMT) combines different therapeutic strategies to 
improve treatment outcomes. GNPs have been investigated in several studies as 
both CT contrast agents and MMT enhancers. Huang et al. [124] have designed a 
multifunctional nanoprobe of folic acid-conjugated silica-modified GNR with the 
aim of investigating the feasibility of their use as X-ray/CT imaging-guided target-
ing dual-mode RT and PTT. The prepared nanoprobes showed highly selective tar-
geting, enhanced RT and PTT effects on MGC803 gastric cancer cells, and also 
exhibited strong X-ray attenuation for in vivo X-ray and CT imaging. In another 
study, Park et  al. [125] have reported multifunctional hollow GNPs (HGNP) 
designed for triple combination therapy and CT imaging. The shell thickness of 
HGNPs can tune the surface plasmon resonance to the near infrared light, resulting 
in a photothermal ablation of tumors, whereas the hollow cavity within a HGNP is 
able to accommodate a high payload of chemotherapeutic agents. This study uti-
lized HGNPs for CT imaging and combined drug delivery (of doxorubicin), thermal 
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therapy, and radiotherapy. Synthesized Dox-HGNPs exhibited better response to 
radiation for CT imaging and cancer therapy. It was shown also that Dox-HGNPs 
were capable of triggering Dox release by NIR laser, converting light to heat for 
photothermal ablation and enhancing radiosensitization of the tumor. In vivo exper-
iments showed that the triple treatment effects of Dox, heat, and radiation dramati-
cally enhanced tumor growth delay by a factor of 4.3.
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Fig. 5  (a) Representative 
CT images in the axial 
plane prior to injection 
(precontrast) and 30 min, 
24 h, and 48 h 
postinjection of GPMs or 
AuroVist (individual 
1.9 nm GNPs). Tumor 
boundaries are indicated 
by white arrows. (b) 
Quantitative analysis of CT 
images. (c) Kaplan-Meier 
survival analysis for 
tumor-bearing mice 
receiving no treatment 
(dotted gray line), GPMs 
only (dotted black line), 
irradiation only (solid gray 
line), or irradiation 24 h 
after retro-orbital injection 
of GPMs (solid black line). 
Reprinted with permission 
from Ref. [122]
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6  �Conclusions and Future Perspectives

The aforementioned studies, both for imaging and therapy, demonstrate that GNPs 
are highly favorable candidates for various therapeutic and diagnostic implementa-
tions, each one separately, or together in a multimodal approach. Furthermore, the 
unique physicochemical properties of GNPs, along with their biocompatibility and 
low toxicity, have led to excellent performance in the few clinical trials involving 
GNPs [126]. In the theranostic field, which is based on the “all-in-one” approach, 
the broad possible range of structures, hybridizations, coatings, and capacities 
marks GNPs as the next generation of theranostic agents. The concept of theranos-
tics with multifunctional GNPs has a great potential to enhance the medical area 
towards personalized medicine. However, a broad and thorough evaluation of the 
long-term toxicity of GNPs is still required in order to translate them to the clinic.
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1  �Introduction

The search for suitable materials that can enhance X-ray image contrast began 
almost immediately after Röntgen discovered X-rays and demonstrated their use in 
medical imaging in 1895. After noting that sheets of different metals such as cop-
per, silver, lead, gold, and platinum show varying degrees of transparency, Röntgen 
recognized that the X-ray transparency of a substance primarily depends on its 
density [1]. Theoretical and experimental studies show that when an X-ray beam 
traverses a medium, the beam intensity will be reduced due to both absorption and 
deflection of photons by the medium. The degree of X-ray attenuation obeys the 
following equation [2, 3]:

	 I I e x= -
0

m

	 (1)

where I is the transmitted beam intensity, I0 is the incident beam intensity, and x is 
the thickness of the medium. The mass attenuation coefficient, μ, expressed in 
cm2/g, is best described by the following formula:

	
m

r
=

Z

AE

4

3
	

(2)

where ρ is the density, Z is the atomic number, A is the atomic mass, and E is the 
X-ray energy. Therefore, X-ray attenuation is high with low-energy X-rays and with 
materials of high atomic number Z. All known X-ray contrast agents contain a 
heavy element that effectively contributes almost all the X-ray attenuation produced 
by such materials [4]. Based on this reason, many compounds with metallic ele-
ments of high atomic numbers were examined for potential applications in X-ray 
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imaging. Consequently, the development of metal-based X-ray imaging agents 
predates the advent of the iodinated organic counterparts [5–7]. For instance, a col-
loidal silver suspension was used in urinary tract radiography as early as 1905. Two 
other preparations containing AgI or Ag2O were later used as contrast agents in 
X-ray retrograde pyelography. A bismuth subnitrate emulsion was used as the con-
trast agent to obtain the very first contrast-enhanced coronary angiogram from a 
human cadaver. As early as 1897, the first radiograph of a bismuth-enhanced seg-
ment of the gastrointestinal (GI) tract was obtained using a bismuth subnitrate sus-
pension. A year later bismuth-containing X-ray imaging agents were developed for 
X-ray examinations of the entire GI tract. However, after the aqueous suspensions 
of BaSO4 was introduced in 1910 as a contrast agent for GI imaging, the use of 
bismuth compounds for this purpose failed to continue due to the higher costs of 
such compounds at that time and potential toxicity of bismuth at high dose levels. 
Interestingly, BaSO4 has remained in clinical use for over 100 years with little or no 
change in the formulation. A variety of compounds or complexes containing other 
heavy metals such as cesium, tin, zirconium, tantalum, tungsten, and rare earth met-
als were also investigated for potential X-ray imaging applications [5–7]. On the 
other hand, the use of thorium oxide (ThO2) as an X-ray contrast agent, first began 
about some 80 years ago [8], but would later result in tragic consequences [9, 10]. 
Thorium (Z = 90) is the second heaviest naturally occurring element after uranium 
(Z = 92). A suspension of ThO2 showed superb image quality with virtually no acute 
toxicity or any immediate side effects. This formulation was introduced into clinical 
use as an X-ray imaging agent (Thorotrast®) in 1928 and quickly gained widespread 
applications for imaging cerebral arteries, liver, spleen, lymph nodes, and other 
organs. However, thorium has a naturally occurring radioactive isotope that is an 
alpha-emitter with an extremely long radioactive half-life (4.08 MeV, t1/2 = 1.41 × 1010 
year). This problem, compounded with the unusually long biological half-life of the 
ThO2 colloidal formulations (t1/2 = ca.22 years), would later cause liver cancer and 
leukemia in millions of patients who were injected with Thorotrast® in Europe, 
North America, and Japan [9].

Modern intravenous X-ray imaging agents, first appeared in 1954, are all based on 
the 1,3,5-triiodobenzene structural platform [11–13]. Because of the superior water 
solubility, versatile synthetic chemistry and high tolerance by the human body, such 
iodinated organic compounds have dominated the clinical application of X-ray imag-
ing agents with ionic or covalent derivatives of tri-iodinated benzene compounds. 
The iodinated organic compounds are characterized by a nonspecific extracellular 
distribution and a short imaging time of approximately 1.5 h due to their rapid clear-
ance by the kidney [13]. The rapid pharmacokinetics of iodinated organic CT imag-
ing agents has thus limited their microvascular and targeting performance [11, 12]. 
From the viewpoint of contrast enhancement, use of iodine as an X-ray imaging 
agent is not optimal because its X-ray attenuation effect is rather low compared with 
the typical metal-based counterparts [2, 3]. The current use of iodinated X-ray imag-
ing agents is mainly based on their superior safety and cost, rather than on their X-ray 
attenuation effects [13, 14]. In this regard, bismuth-based materials represent a unique 
opportunity for the development of a new generation of X-ray imaging agents.
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2  �Physical, Chemical, and Biological Properties of Bismuth

Bismuth (Z = 83) is a soft gray metal that occurs in nature commonly as bismite 
(Bi2O3), bismutite ((BiO)2CO3), or bismuthinite (Bi2S3). The metallic form of this ele-
ment is usually obtained as a byproduct from copper, lead, tin, molybdenum and tung-
sten smelting. Bismuth is a relatively rare element with the abundance in the Earth's 
crust estimated to be about 0.2 ppm, approximately about twice as abundant as gold. 
When freshly produced, it is a brittle metal with a silvery white color, but often exhib-
its a pink tint after exposure to air due to surface oxidation. Among metals, bismuth is 
the most diamagnetic element, has the lowest thermal conductivity, and exhibits the 
highest Hall effect. Because of its wide temperature range between the melting point 
(Tmelt = 271 °C) and boiling point (Tboil = 1560 °C), and low neutron absorption cross 
section, liquid bismuth is used as a coolant in nuclear reactors. The density of bismuth, 
d = 9.78 g/cm3 is ~86 % of the density for lead, d = 11.32 g/cm3, making bismuth useful 
as a nontoxic replacement for lead in ceramic glazes, fishing sinkers, food-processing 
equipment, free-machining brasses for plumbing applications, lubricating greases, 
and ammunition for waterfowl hunting [15]. There is only one naturally occurring 
isotope of bismuth, 83

209Bi  that has long been considered as the heaviest stable isotope. 
In 2003, however, 83

209Bi  was found to decay via alpha-emission with a half-life to be 
1.9 × 1019 years, more than a billion times longer than the current estimated age of the 
universe [16]. For all practical purposes, bismuth is still treated as nonradioactive.

Bismuth has two oxidation states, Bi(III) and Bi(V). The latter is a powerful 
oxidant in aqueous solution with a redox potential of E° = 2.03 V for Bi(V)/Bi(III). 
Under the physiological conditions, Bi(III) is the most common and the only stable 
form of the element. The inorganic Bi(III) salts of sulfate, perchlorate, nitrate, as 
well as halides, except fluoride, all appear to be soluble in water, but hydrolyze to 
form insoluble hydroxide or oxyhydroxide products in neutral solution [15]. In 
acidic solution, such hydrolytic reactions are complex, and products formed are 
sensitive to the pH value, as well as the presence of different counter ions. These 
products are commonly referred to as “basic,” “oxy-”, or “sub-” salts with the for-
mation of the bismuthyl ion (BiO+) or various polynuclear clusters of low aqueous 
solubility [17]. As a heavy metal, the toxicity of bismuth is much lower than that of 
its heavy-metal neighbors, such as mercury, thallium, lead, and polonium [18]. 
Because of its low solubility in the blood, bismuth is readily cleared from urine, and 
exhibits no long-term carcinogenic, mutagenic or teratogenic effects. Its biological 
half-life for whole-body retention is about 5 days, although it may remain in the 
kidney for years in patients treated with bismuth compounds [19].

The use of bismuth compounds in medicine can be traced back to the Middle Ages, 
although the first full account of such use did not appear until 1786 for the treatment of 
dyspepsia [19]. A decade later, bismuth compounds were used as antisyphilitic drugs. 
In the late nineteenth century, a variety of bismuth compounds mixed with iodoform 
were promoted as a surgical wound dressing owing to its antimicrobial and antibacte-
rial properties. The use of various bismuth compounds, such as subnitrate, subgallate, 
subcitrate, subcarbonate and subsalicylate to treat syphilis, hypertension, infections, 
skin conditions and gastrointestinal disorders lasted until 1950s after penicillin and 
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several other antibiotics had become widely available [18]. Currently, the only contin-
ued medicinal application of bismuth is for the treatment of diarrhea and dyspepsia 
using bismuth subsalicylate (Pepto-Bismol®; the Procter & Gamble Company, 
Cincinnati, OH, USA), or bismuth subcitrate (De-Nol®; Gist Brocades, Delft, The 
Netherlands) [18, 19]. On the other hand, bismuth oxychloride (BiOCl) found in nature 
as the mineral bismoclite has been used as a pigment in cosmetics since the ancient 
Egyptian Times. Owing to its layered structure, BiOCl refracts light chromatically, 
resulting in an iridescent appearance resembling nacre of pearl [20].

3  �Development of Bismuth-Based Nanoparticles  
for CT Imaging

Bismuth compounds have high X-ray attenuation efficiency, and thus can provide 
sufficient contrast enhancement at low dosage levels when they are employed as CT 
imaging agents. Furthermore, the biocompatible and nontoxic nature of bismuth 
represents an extremely attractive feature for many molecular compounds of bis-
muth to function as effective CT imaging agents. However, the very first require-
ment of an effective CT imaging agent is the high solubility of the compound, as a 
high concentration is necessary for an intravenous administration to produce suffi-
cient contrast in CT imaging due to the intrinsic low contrast sensitivity of the X-ray 
CT modality. Additionally, the typical ionic, covalent or coordination complexes of 
bismuth may bind to proteins or other biomolecules or undergo transmetallation 
reactions with endogenous ions, such as Ca2+, Mg2+, Mn2+, and Zn2+, thus altering 
their pharmacological characteristics when administrated intravenously.

Use of bismuth-based nanoparticles, rather than bismuth-containing ionic or 
covalent compounds, to develop CT imaging agents have potential to circumvent 
the high-osmolality or poor-solubility limitations of its ionic or covalent com-
pounds. It should be noted that thus far the small-molecule platform has not yet 
afforded clinically useful bismuth-containing CT contrast agents. On the other 
hand, there has been an important paradigm shift to use various nanoparticles for the 
development of new-generation imaging agents in different imaging modalities 
including X-ray CT imaging [21, 22]. Additionally, particulate-imaging agents can 
have a greater blood circulation half-life than the molecular counterparts, thus 
increasing the time window for imaging [23]. Furthermore, surface-modifications 
via ionic or covalent attachment of a targeting agent on nanoparticles provide pos-
sibilities to develop organ-specific imaging agents [24, 25].

3.1  �Polymer-Coated Bi2S3 Nanoparticles for CT Imaging

Weissleder and coworkers were the first to explore the application of nanoparticles 
for CT imaging in small animals [26]. In 2006, they reported on the development of 
a polymer-coated Bi2S3 nanoparticle preparation as an injectable CT contrast agent. 
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They developed a two-step synthetic method to prepare homogeneous preparations 
more suitable for parenteral use than those previously reported. Nanocrystals of 
bismuth sulfide were first grown by precipitation from the reaction between bismuth 
citrate and sodium sulfide in the presence of a thiol surfactant. The nanocrystals 
were then coated with polyvinylpyrrolidone (PVP) to afford PVP-coated Bi2S3 
nanoparticle (BPNPs).

The TEM images revealed that such BPNPs have a quasi-rectangular platelet 
shape with the length ranging from 10 nm to about 50 nm per side. The thickness of 
the crystals is 3–4 nm. The mean hydrodynamic diameter of BPNPs was measured 
to be 30 ± 10 nm by laser-light scattering (Fig. 1).

The CT opacity measurements showed that that a BPNP preparation of 0.55 M 
in bismuth concentration is equivalent in X-ray absorption to a 2.36 M iodine solu-
tion. After intravenous administration of 250 μl BPNPs (~57 μmol Bi3+) into Balb/c 

Fig. 1  BPNP characterization. TEM characterization of the Bi2S3 nanoparticles
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mice, serial CT imaging was performed to determine vascular enhancement and 
half-life. It was found that the blood signal increases from −27 ± 77 HU to 530 ± 150 
HU at its peak. The enhancement provides clear delineation of the cardiac ventricles 
and all major arterial and venous structures (Fig. 2).

The blood half-life of BPNPs in mice was determined to be 140 ± 15 min, which 
is significantly longer than for commercial iodinated preparations (<10  min). 
Furthermore, their extended imaging studies at 12–24 h after intravenous adminis-
tration showed that the BPNPs were distributed to organs containing phagocytic 
cells (liver, spleen, lymph nodes). They found that liver signal intensity increased 
from −22 ± 77 HU to 740 ± 210 HU at 24 h (Fig. 3d), which probably reflects uptake 
of BPNPs into macrophages (Kupffer cells) and hepatocytes. In the meantime, 
organs devoid of major phagocytic cells showed no or only a slight enhancement. 
Weak contrast in the kidneys and urinary tract was visible 1–2 days after the admin-
istration of BPNPs, presumably due to renal excretion. In preliminary observations, 
they found no residual bismuth in any organ 2 months after the administration of a 
single dose. In order to investigate if BPNPs could be used for lymph-node delivery 
to improve cancer staging, mice were injected subcutaneously with 50 μl BPNPs 
(~11.4  μmol Bi3+) and repeatedly imaged up to 140  h after injection. Regional 
lymph nodes were clearly contrasted (Fig. 3).
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Fig. 2  X-ray absorption of BPNPs. Experimental CT opacity of bismuth solutions as a function of 
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They also performed comparative dose-response cytotoxicity studies of BPNPs 
in human macrophage (U937) and hepatocyte (HepG2) cell lines (Fig. 4). For mac-
rophages, the LD50 is 8  mM for free bismuth ions, and 100  mM for BPNPs, 

Fig. 3  Serial in vivo imaging of vasculature. (a, b) Coronal curved multiplanar reformatted reconstruc-
tions of a live Balb/c mouse before (a) and after (b) intravenous BPNP administration, showing the 
vascular enhancement of large vessels and the heart, and the organ delineation, achieved with the 
nanoparticle agent. The length of the reconstruction in a and b is 6.5 cm. (c, d) Serial CT scans of a live 
Balb/c mouse following tail-vein injection of 250 μl BPNP suspension (0.228 M bismuth). Series c 
shows transverse slices through the heart (arrowhead), the lungs (solid arrow), and a vertebra (open 
arrow). Series (d) are transverse slices including the liver (arrowhead), the spleen (solid arrow), and a 
vertebral body (open arrow). The diameter of the mouse in c and d is 1.6 cm
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suggesting that nanoparticles are at least one order of magnitude less toxic to cells 
than free bismuth ions. When LD50 was compared with the effective dose (the ED/
LD50 ratio), BPNPs show a similar profile to that of an iodinated agent in clinical 
use. For hepatocytes, the LD50 is 5 mM for free bismuth ions, and 114 mM for 
BPNPs, showing a superior profile compared with the iodinated agent.

Recently, a modified method for a large-scale synthesis of Bi2S3 nanoparticles 
with remarkable size uniformity (2–3 nm) and monodispersity was reported as an 

Fig. 4  Lymph-node imaging. CT imaging of a lymph node of a mouse with the BPNP imaging 
agent. (a, b) Three-dimensional volume renderings of the CT data set, the length of the reconstruc-
tion is 3.8 cm. (c) Coronal slice (length of the slice 2.3 cm). (d) Transverse slice at the height 
indicated by the horizontal lines in (b). The maximal diameter of the mouse 1.8 cm. The position of 
the lymph node under the right shoulder is indicated by the ovals, and the injection site is shown by 
the arrows. Note the lack of contrast in the corresponding contralateral (left shoulder) lymph node
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attempt to address several problems associated with the previously reported synthe-
sis of this material [27, 28]. According to these authors, the use of oleic acid (OA) 
in the synthesis offers a big advantage in that the carboxylic group of OA can 
strongly bind to Bi3+ ions, thus effectively preventing Bi2S3 nanoparticles from 
aggregating, as well as avoiding the reduction of Bi3+ ions. Additionally, the surface 
of such NPs can be readily modified with polymers, such as PVP, to offer improved 
biocompatibility, increased colloidal stability, and reduced cytotoxicity. They found 
that the X-ray contrast efficiency of such NPs is 1.9 times higher than that of 
Iobitridol. Cell viability studies on HeLa cells show a quite high viability of >80 % 
even at contrast media concentrations of 3 mg Bi/ml. Their in vivo imaging studies 
in rats show an uptake of the NPs by the liver and spleen, suggesting macrophage 
activation, as opposed to renal clearance, as expected for the NPs with such 
ultrasmall size. The nanoparticles exhibit a long blood-circulation time of several 
hours and are cleared from the rats within 1 month after the intravenous injection.

3.2  �Sugarcoated Elemental Bismuth Nanoparticles  
for CT Imaging

Unlike the noble metals (Au or Pt), elemental bismuth nanoparticles (Bi NPs) may 
undergo oxidative decomposition to release Bi3+ ions under the physiological condi-
tions at controlled rates for renal excretion. This feature makes Bi NPs as X-ray 
imaging agents highly attractive. Goforth and coworkers conducted intensive inves-
tigations into the synthesis of ultrahigh payload Bi NPs in 1,2-propanediol (PPD) 
using a borane reducing agent and various sugar molecules as biocompatible sur-
face stabilizers [29]. They found that the use of PPD and glucose as biocompatible 
small molecule surfactants resulted in the formation of highly uniform, aqueous 
nanoparticles with a mean hydrodynamic diameter of 86 nm (74 ± 14 nm Bi NP 
cores) consisting of a thin protective PPD-glucose shell (Fig. 5).

The high ratio of the inorganic core size to the mean hydrodynamic diameter led 
the authors to conclude that such Bi NPs are ∼64 % bismuth by volume and carry 
∼6 million bismuth atoms per nanoparticle. Furthermore, the Bi NPs synthesized by 
this method at 80 °C exhibited a high X-ray opacity in the simulated body phantom 
and in vitro cellular CT imaging studies. Specifically, the CT attenuation of bismuth 
in the form of aqueous Bi NPs, relative to that of solvated bismuth(III) nitrate 
ions and an aqueous iodine standard (iopamidol) indicated that Bi NPs show 
significantly higher X-ray attenuation relative to iodine. The authors also noted that 
the iodine attenuation rate decreases with increasing X-ray tube voltage, while the 
attenuation of bismuth(III) ions and Bi NPs was relatively insensitive to tube volt-
age in the range used in clinical CT scanners (Fig. 6). This observation is consistent 
with the fact that bismuth has a higher K-edge energy, and thus better energy match 
with the incident X-ray beam of higher voltage than iodine.

On the other hand, the CT imaging studies on Bi NPs incubated with HeLa cells 
or murine macrophage J774A.1 cell line showed a clear increase in X-ray attenua-
tion for both cell lines. There is a more marked increase for the macrophages than 
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for the HeLa cells, indicating the high phagocytotic activity of macrophages. In 
addition, the cellular internalization by both cell lines was linear with concentration, 
indicating a nonspecific uptake process (Fig. 7b). The electron microscopic imaging 
on sections of the cells confirmed the presence of NPs within the HeLa cells and 
fixed macrophage cells with formation of endosomal/lysosomal structures around 
Bi NPs (Fig. 7c, d).

The cell viability assays showed that Bi NPs are nontoxic to HeLa cells, but had 
an LD50 of 50 μg/ml (0.2 mM) for the macrophage cells. The authors stated that the 
observed cytotoxicity of Bi NPs in the macrophages was probably caused by the 
extremely high concentration of nanoparticles in the macrophages at 24  h, as 
supported by their CT imaging data.

Fig. 5  Size and morphology of Bi NPs synthesized in glucose saturated PPD at 80 °C by (a) TEM 
and (b) SEM. (c) The core diameter (from TEM) and hydrodynamic diameter (measured by DLS)
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3.3  �Bismuth-Containing Coordination Polymer Nanoparticles 
for CT Imaging

Nanoparticles of a novel potassium bismuth ferrocyanide coordination polymer 
KBi(H2O)2[Fe(CN)6]·H2O were prepared and investigated for their potential applica-
tion as an X-ray imaging agent [30]. This coordination polymer falls into the large 
class of the so-called Prussian blue (PB) analogues. This class of compounds have 
emerged as a promising structural platform for developing a variety of theranostic 
agents including cellular MRI probes, image-guided drug delivery vehicles for can-
cer treatment, to name but a few [30–33]. In this report, the authors discovered that 
these coordination-polymer-based nanoparticles containing Bi3+ ions (BiFeCN NPs) 
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are extremely stable and biocompatible, but with a wide distribution of size from 
circa 10 nm to over 30 nm.

The X-ray attenuation of the BiFeCN NPs was measured to be ~2.7 times of the 
typical iodine-based CT contrast agent, but ~62 % of the Bi2S3 nanoparticles at the 
same molar concentration. They also showed that BiFeCN NPs can be internalized 
by cells via endocytosis. Cytotoxicity studies in HeLa cells showed cell viability to 
be over 90 % with concentrations of up to 0.83 mg Bi/ml. Additional studies on 
leaching of the CN−1 and Bi3+ ions from the NPs showed vary low levels of CN−1 and 
Bi3+ ions released to the outside solution under various conditions.

3.4  �PVP-Coated Ultrasmall Nanoparticles for CT Imaging

As the US Food and Drug Administration (FDA) currently requires that all injectable 
contrast agents to be completely excreted from the body in a reasonable time period, 
renal clearance provides the most viable pathway to achieve this goal [31, 32]. For 

Fig. 7  Uptake of Bi NPs in model cell lines. (a) CT images of J774A.1 and HeLa cells incubated 
with Bi NPs and formed into pellets. (b) Quantitative analysis of the attenuation in the cell pellets. 
TEM shows that Bi NPs are taken up in endosomal/lysosomal compartments in both J774A.1 (c) 
and HeLa cells (d)
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this reason, ultrasmall bismuth oxyiodide BiOI nanoparticles (BiOI NPs) were 
investigated as a potentially renal clearable particulate X-ray imaging agent [33]. 
Owing to a unique decelerated hydrolytic procedure in aqueous solution, ultrasmall 
PVP-coated BiOI NPs with a narrow size distribution, i.e., 2.8 ± 0.5 nm, were syn-
thesis by a one-pot procedure (Fig. 8). The essence of this new method is the con-
trolled hydrolysis of the hydrated Bi3+ ion under the acidic conditions (i.e., pH = 2.75) 
to produce the BiO+ ion that in turn reacts with the I− ion to form BiOI. It is known 
that the following reaction is the rate-limiting step in the formation of BiO+

	
Bi H O aq H O l Bi H O OH aq H aq2

3

2 2 1

2( )éë ùû ( ) + ( ) ® ( ) ( )éë ùû ( )+ ( )+

-

+ +
n n 	

(3)

In the presence of a polymer coating agent, such a hydrolysis reaction carried out in 
an acidic solution is so slow that it becomes the rate-limiting step for the nucleation 
of BiOI NPs as well, thus leading to the formation of ultrasmall and monodispersed 
BiOINPs.

Conceptually, BiOI can be viewed as a compound consisting of the BiO+ and I− 
ions. This notion has led to the development of a controlled hydrolytic procedure for 
the preparation of biocompatible ultrasmall BiOI NPs, but BiOI is a covalent solid-
state compound with a layered structure and a very low solubility-product constant 
(3.34 ± 9 × 10−11 mol2 dm−6), which is a desirable feature to ensure low osmolality if 
such NPs are to be developed as an intravenously injectable CT contrast agent (Fig. 9).

The X-ray attenuation of PVP-coated BiOI NPs was measured using six different 
concentrations of NPs dispersed in aqueous media with a microCT scanner operat-
ing at 75 kVp and 110 μA. It was found that the X-ray attenuation efficiency of this 
CT agent has the value of ca. 20 HU/mM. In comparison, the PEGylated gold NPs 
gave the value of 5.3 HU/mM (i.e., 1.27 M of PEG-coated Au NPs has the CT value 
of 6690 HU), while this value for PVP-coated Bi2S3 was reported to be 9.3 HU/
mM. Similarly, the X-ray attenuation efficiency was measured and reported for a 

Fig. 8  Histogram of 
particle size (left), TEM 
image (top right) with 
HRTEM and SAED insets, 
and Z-contrast STEM 
image (bottom right) of 
BiOI NPs
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Fig. 9  X-ray structure of BiOI viewed along the b axis showing the layers stacked in the direction 
perpendicular to the c axis (top), the view of a single layer (bottom left), and the coordination 
geometry of the Bi atom (bottom right)

Fig. 10  The CT value (HH) as a function of Bi3+ concentration in aqueous solution (top), and 
phantom images of the PVP-coated BiOI NPs for (1) 5.07, (2) 12.7, (3) 25.4, (4) 30.4, (5) 38.1, and 
(6) 50.7 mM (top)
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polymer-coated TaOx NP system to be 6.0 HU/mM.  Therefore, the PVP-coated 
BiOI NPs appear to have the highest value on the molarity basis owing to the 
combined X-ray attenuation effect of bismuth and iodine. However, the molar mass 
of BiOI of 351.88 g/mol is also the highest among the above-mentioned inorganic 
substances, suggesting that when a given molar concentration of each contrast agent 
is to be injected into the body, the amount of mass required for BiOI NPs would turn 
out be the largest as well.

To develop BiOI NPs as an intravenous X-ray imaging agent, the authors exam-
ined in vitro cytotoxicity in HeLa cells. They found that after 24-h incubation with 
the highest concentration that can be prepared, 4.15 mg/ml BiOI NPs, cell viability 
was ca. 92 ± 0.8 %, indicating that the PVP-coated BiOI NPs exhibit no significant 
cytotoxicity.

4  �Concluding Remarks and Outlook

Thus far, all the bismuth-based nanoparticle systems investigated for X-ray imaging 
applications exhibit superb X-ray attenuation efficiencies. None of them show discern-
able cytotoxicity at the concentrations required to obtain satisfactory contrast enhance-
ment. Although not an abundant element, bulk bismuth is approximately $19/kg 
compared with $35,000/kg for gold. Currently, Au nanoparticles are the frontrunner 
candidate for clinical applications in X-ray CT imaging. Given its scarcity and price, 
gold may not defeat bismuth in finding its way to CT scanning rooms. In this regard, 
bismuth-based nanoparticles have a bright future for X-ray CT imaging applications.
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      Hyperspectral Microscopy and Cellular Array 
Imaging Using Colloidal Quantum Dots                     

     John     X.  J.     Zhang      and     Kazunori     Hoshino   

1           Introduction 

  Quantum dots   have unique characteristics suitable for miniaturized imaging sys-
tems, especially for integrated hyperspectral microscopy in total analytical systems. 
The notable advantageous characteristics are: (1) capability of multicolor emission 
from visible to IR wavelengths, (2) various photo/electrical excitation schemes 
available for different applications, and (3) compatibility with the microfabrication 
technology and widely available low cost prototyping techniques. 

 In this chapter, we fi rst explain basic characteristics of quantum dots and discuss 
how they are different from conventional organic fl uorescent markers. Notable 
applications of quantum dots in fl uorescence imaging and sensing, including the 
 fl uorescence resonance energy transfer (FRET)  -based measurement, are described. 
Following sections introduce our recent studies on using colloidal QDs as light 
sources for absorption hyperspectral microscopy and fl uorescence microscopy. We 
use  gold nanorods and nanospheres   as biomarkers that work complementarily to 
QD-based excitation light sources. Hyperspectral analysis of optical signals is pre-
sented both theoretically and experimentally. Finally, we describe integration of 
electrically excited colloidal QDs on silicon substrate. Electrically pumped QD 
light sources are integrated on silicon microdevices such as microchannels and 
scanning probes which open the possibilities of a wide variety of nano- 
optomechanical microscopic systems for imaging applications.  
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2       Fundamentals of Quantum Dots 

2.1     Colloidal Quantum Dots 

  Colloidal quantum dots (QDs)   are nanometer scale semiconductor crystals. Due to 
the quantum confi nement, the energy levels of a single QD are discrete and the band 
gap is highly related to the size and the shape [ 1 ]. The confi nement becomes signifi -
cant when the size of the crystal is smaller than the exciton Bohr radius. Colloidal 
 QDs      are typically between 5 and 50 nm, and are made of several materials including 
ZnS, CdS, ZnSe, CdTe, and PbSe [ 2 ]. QDs may also be fabricated on bulk semicon-
ductor devices by lithographic approaches [ 3 ,  4 ]. In this article, we discuss chemi-
cally synthesized colloidal QDs, and their applications in biomedical imaging. 

 The most important feature of colloidal  QDs   is their size-dependent fl uorescence 
emission, which makes colloidal QDs suitable biomarkers and light sources for 
hyperspectral microscopy. Desirable emission peak wavelength can be obtained by 
tailoring the diameter of the synthesized crystals. Emission wavelengths ranging 
from the UV to the infrared have been reported [ 1 ]. The mechanism of fl uorescence 
emission is explained with an energy diagram (Fig.  1a ). A QD has a conduction band 
and a valence band with the band gap just as a typical bulk semiconductor. The sig-
nifi cant difference from a bulk semiconductor is that the energy levels in the conduc-
tion and valence bands are quantized because of the discrete molecular orbitals.

   The molecular orbitals in the valence band are bonding orbitals, which are full. 
The orbitals in the conduction band are antibonding orbitals and are vacant. The 
energy level difference between the highest occupied molecular orbital ( HOMO  , the 
top of valence band) and the lowest unoccupied molecular orbital (LUMO, bottom 
of conduction band) defi nes the band gap of the colloidal QD. When an electron in 
HOMO is excited, it moves to an orbital in the conduction band, leaving a hole in 
HOMO (Fig.  1a  left). The electron eventually goes back to HOMO and fl uorescence 
is observed as a result of the transition, which can be also considered as the recom-
bination of the electron and the hole (Fig.  1a  right). The emission wavelength 
is defi ned by the band gap, or the difference between the LUMO and the HOMO. 

  Fig. 1    Fluorescence excitation and emission from quantum dots. ( a ) Energy diagrams of a bulk 
semiconductor and a quantum dot. ( b ) Fluorescence spectra measured from different types of 
quantum dots. Reprinted from Ref. [ 12 ], copyright (2014), with permission from Elsevier. ( c ) 
Fluorescence resonance energy transfer (FRET). When the distance between the donor and the 
acceptor is close enough, FRET occurs and emission from the acceptor is observed       
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The band gap is dependent on the size of QDs. Smaller quantum dots have larger 
band gaps because the quantum confi nement effect is stronger. Because of this size 
effect, the emission wavelengths of QDs can be tailored by controlling the diame-
ters of the particles. The emission wavelength becomes shorter for smaller particles 
because the emission energy is larger. Emission spectra measured from different 
types of colloidal QDs (Fig.  1b ). 

 For colloidal quantum dots, the mechanism of fl uorescence emission is defi ned 
by this simple structure of the energy levels, and less affected by the excitation wave-
lengths. Colloidal QDs can be excited by any wavelength shorter than the emission 
wavelengths. Typically, a UV light will excite all types of colloidal  QDs   with visible 
emission wavelengths. On the other hand, most organic fl uorescent materials follow 
the mirror image rule, where and absorption spectrum is similar to a mirror image of 
the emission spectrum. An excitation light for a certain fl uorescent dye may not 
excite other fl uorescent materials. This difference is important in designing fl uores-
cent optical systems using either colloidal QDs or organic fl uorescent materials. 

 QDs with a core–shell structure is often used to obtain stability. One example is 
QDs with a CdSe core capped with a 1–2 monolayers of ZnS. The shell is used to 
passivate the core surface and protect it from surrounding solutions. The structure 
prevents crystal defects which lead to unwanted electron or hole traps, and substan-
tially improves the photoluminescence intensity and stability [ 5 ]. Colloidal QDs are 
typically prepared in organic solvent. They are usually capped with hydrophilic 
surface ligands when used in an aqueous solution or further chemical attachment of 
functional biomolecules is needed.  

2.2     Quantum Dots as a  Fluorescence Marker   

 QDs are alternatives to organic fl uorescent dyes for biological imaging and sensing. 
They can be functionalized with biomolecules to label specifi c biomaterials. A nota-
ble early study for immunofl uorescence imaging with quantum dots used breast 
cancer marker Her2 to selectively stain fi xed and live cancer cells [ 6 ]. 

 Characteristics of organic dyes and QDs have been compared in [ 7 ], with impor-
tant differences for hyperspectral imaging being summarized in Table  1 . Along with 
the tunable emission wavelengths, the photo stability is also a signifi cant advantage 
of QDs. For example in [ 6 ], the nuclei and microtubules of mouse 3 T3 fi broblast 
cells are stained with either colloidal QDs or the organic dye Alexa 488 with fl uo-
rescence intensities being compared by taking time lapse images. After 180 s, the 
fl uorescence intensity of QDs were almost unchanged, while the normalized inten-
sity of the 488 dye became about 50 % because of the photobleaching induced by 
continuous fl uorescence excitation. One of the notable diffi culties associated with 
the use of QDs as a fl uorescent marker is the size. QDs behave as nano-colloids 
 rather   than as molecules, and the intracellular delivery of QDs is still challenging 
[ 7 ]. Methodologies to deliver QDs into cells for intracellular imaging are behind 
those developed for organic dyes.
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2.3         Fluorescence Resonance Energy Transfer (FRET)   

 QDs can be used as a light source for fl uorescence excitation. One of the applica-
tions where QDs are used as a excitation source is sensors based on fl uorescence 
resonance energy transfer (FRET). FRET is a nonradiative energy transfer between 
the excitation source (donor) and the fl uorescence molecule (acceptor). FRET 
occurs when donor-to-acceptor separation is at distances typically smaller than 
10 nm (Fig.  1c ). Because of this nanoscale sensitivity to distance,  FRET   can be used 
to detect changes in distances at the nanometer scale. Medintz et al. developed a 
chemical sensor that utilized FRET to detect changes in the distances between mol-
ecules [ 8 ]. The sensor molecules containing a QD, fl uorescent molecules and 
maltose- binding molecules that bind the QD and the fl uorescent molecules. Because 
the distance between QD and the fl uorescent molecules are closer than the FRET 
distances, the emission from the QD is quenched by the fl uorescent molecules and 
not observed in the initial status. When maltose is added, a maltose-binding protein 
takes maltose molecules and releases fl uorescent molecules from the QD sensor 
molecules, resulting in the increase of QD emission. Zhang et al. developed a single 
QD-based DNA sensor [ 9 ]. A QD molecule is linked to DNA probes to capture 
DNA targets. When a target strand is sandwiched by a dye-labeled reporter strand 
(acceptor) and the DNA probes on the QD (donor), molecules form a pair of FRET 
donor and acceptor, and the excited reporter fl uorescent dye emits fl uorescence to 
be observed. In [ 10 ], Hohng et al. developed a QD-dye molecule (cy5) pair using a 
molecular junction composed of four DNA double helices. They measured FRET 
signals induced by conformational changes of individual molecules.   

3     Quantum Dots as a Light Source for Hyperspectral 
Microscopy 

 In this section, we describe our recent studies that utilized colloidal QDs as light 
sources for microscopic spectroscopy. In [ 11 ] and [ 12 ], we used photo-excited QD 
light sources for absorption spectroscopy and fl uorescence spectroscopy, respec-
tively. In the following Sects.  4.1  and  4.2 , we describe our unique efforts to use 
electrically excited colloidal QDs in microelectromechanical systems (MEMS)-
based microscopes. 

   Table 1    Comparison of organic dyes and QDs (adapted from Ref. [ 7 ])   

 Property  Organic dye  QD 

 Absorption 
spectra 

 Discrete. FWHM 35–100 nm  Steady increase toward UV with a 
single peak 

 Emission spectra  Asymmetric, often with a tail to 
long wavelength side 

 Symmetric Gaussian distribution. 
FWHM 30–90 nm 

 Quantum yield  0.5–1.0 (visible), 0.05–0.25 (NIR)  0.1–0.8 (visible), 0.2–0.7 (NIR) 
 Size  ~0.5 nm molecule  6–60 nm in hydrodynamic diameter 
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3.1     Colloidal QDs for  Absorption Microscopy   

 The tunable emission wavelengths described in Sect.  2  make colloidal QDs an 
excellent light source for hyperspectral microscopy. We have used an array of QD 
light sources to construct a uniform, solid state swept light source that covers the 
visible–IR wavelength range. In the systems we reported in [ 11 ], QDs are excited 
by UV lights from LEDs. Figure  2a  shows a photograph of QDs packed in a 
polydimethylsiloxane (PDMS) enclosure that is replicated from a plastic mold fab-
ricated by rapid 3D printing. There is an array of miniature wells, each of which 
contains a single color of QDs. Figure  2b  illustrates the design of the light source. 
The central concave-shaped circular part with multiple dimples transmits and scat-
ters emission from the QDs. Digital on–off control of arrayed LEDs selectively 

  Fig. 2    Absorption spectroscopy with the QD swept light source. ( a ) Photograph of QD-based 
swept light source ( b ) Schematic of light source. Emission of 520–800 nm can be chosen by digital 
on–off control of the excitation UVLEDs. ( c ) TEM micrographs along with optical transmission 
spectra of silica coated ( top ) nanorods and ( bottom ) nanospheres. ( d ) Using the modeled nonuni-
formly distributed QD spectra ( top ), transmission spectra of different types of gold nanorods ( bot-
tom left ) were reconstructed ( bottom right ). ( e ) Absorption spectra measured from the reference 
hyperspectral images and the QD swept light source for macrophage cells stained ( left ) with 
nanorods and ( right ) with nanospheres       
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excites QDs with desired color. UV-LEDs with the emission peak at 380 nm were 
used. Emission wavelengths ranging from 520 to 800 nm were obtained by 8 colors 
of CdSe/ZnS and CdTe/ZnS colloidal quantum dots. A top plate consisting of a dif-
fuser and a 400 nm long-pass fi lter is placed on top of the concave surface to cut off 
the excitation UV lights. Typical hyperspectral microscopes employ mechanically 
controlled color wheels or mechanical stages that make the entire system more 
expensive. The QD-based swept light source does not contain any moving part, and 
is simply controlled by LabVIEW™ based digital switches to turn on/off the 
UVLEDs. It can also create any linear combination of the  eight   colors by changing 
duties ratios of excitation UVLEDs.

3.1.1        Gold Nanorods and Nanospheres   as Contrast Agents 

 Metal nanoparticles have size and shape-dependent characteristic absorption spec-
tra due to the effect of localized surface plasmon resonance, and they can be used in 
hyperspectral absorption spectroscopy [ 13 ]. In the case of gold nanorods, one of the 
two peaks is dependent on the aspect ratio (length-to-diameter ratio), and can be 
tuned between ~600 nm and ~800 nm by controlled chemical synthesis [ 14 ]. 
Although the mechanisms are different, the tunable absorption peaks of nanorods 
are complementary to the emission peaks of colloidal QDs. The use of gold nanopar-
ticles as optical markers gives an edge to the hyperspectral microscopy based on the 
QD swept light source. 

 One problem associated with the gold nanoparticles used for optical labeling is 
plasmon coupling. When two metal particles are close to each other, broadening of 
optical spectra is observed due to the electromagnetic interaction between them. For 
hyperspectral microscopy, it is crucial to reduce optical coupling and keep original 
optical properties of nanorods. We used gold nanoparticles that are coated by silica- 
shells, which successfully reduced plasmon coupling [ 15 ]. Figure  2c  shows TEM 
photographs of gold nanorods and nanospheres (20 nm diameter) we used for the 
measurement. The transmission spectra of nanorods and nanospheres suspended in 
buffer solutions are also shown in Fig.  2c . The nanospheres were synthesized via 
citrate reduction of chloroauric acid. The narnorods were synthesized using a reac-
tion described by Jana et al. [ 16 ] and Nikoobakht et al. [ 14 ].  

3.1.2      Theoretical Analysis   

 We fi rst studied the spectral resolution of the proposed system based on a theoretical 
analysis. In practice, the emission peak of colloidal QDs may be shifted from the 
nominal or designed value by about ±5 nm. In the model spectra of QD emission 
shown in Fig.  2d  top, we incorporated errors we found in commercially available 
colloidal quantum dots (Life Technologies QDot ® ). Figure  2d  bottom left shows 
modeled absorption curves of nanorods built by fi tting a linear combination of 
Gaussian functions to the curves shown in Nikoobakht et al. [ 8 ]. Each curve is built 
from a fi xed peak at 520 nm and an additional peak ranging from 608 to 829 nm. 
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We simulated the hyperspectral measurement in the following way: Transmitted 
intensities of each color of QDs were calculated as a product of the emission spec-
trum and the absorption spectrum. For each type of nanorod suspension, transmitted 
intensities of eight colors of QDs were calculated. Using the 8 values and the QD 
spectra, the transmission spectrum of the nanorod can be reconstructed by curve 
fi tting. The curves reconstructed based on the modeled QD spectra is shown in 
Fig.  2d  bottom right. The results suggest that even with errors of about 5°, the swept 
light source can successfully resolve fi ve different types of nanorods.  

3.1.3     Experimental Results 

  Hyperspectral transmission imaging   was conducted by using macrophage cells 
labeled with nanorods and nanospheres. Macrophage cells were incubated in media 
containing nanorods or nanospheres for 18 h and allowed to uptake nanoparticles. 
 Cell suspensions   are centrifuged and labeled cells are collected as pellets to be 
washed and fi xed on a glass slide using Fluoromount. RGB color images of macro-
phage cells labeled with nanorods and nanospheres were taken with a 12-bit color 
mosaic CCD camera (SPOT Pursuit XS, Diagnostic Instruments) and shown in pan-
els of Fig.  2e  left and right, respectively. Nanorods stain cells blue, while nano-
spheres show pink colors. As a reference hyperspectral analysis, the same regions of 
the cells are imaged using a PARISS spectral imager (Lightform Inc.). The spectra 
measured from circled areas of the RGB images are shown in Fig.  2e  left and right 
for the  nanorod and nanosphere  , respectively. The reference spectra were measured 
with a 20 × 0.5 NA objective and 100 W halogen light source. The lamp spectrum 
was obtained from the part of the microscope slide that did not have cells, and was 
used to normalize the hyperspectral images. For each image, spectra measured for 
two neighboring areas of 2 × 3 pixels are shown to indicate spatial deviation typi-
cally found in hyperspectral imaging. Curves show the same characteristic as the 
measurements from the particle suspensions in Fig.  2c . 

 The QD swept light source was then used to measured absorption characteristics 
of the same cell samples. Eight images illuminated by eight colors of the QDs were 
taken with a monochromatic cooled CCD (Pixis 400, Princeton instruments) with 
the wavelength sensitivity range of 450–1000 nm. The  light intensity   obtained from 
the part of the image that did not have cells was used as the denominator, and the 
absorbance for each LED was calculated for the spot indicated by the circle. The 
results were plotted as dots in Fig.  2e  left and right for nanorods and nanospheres, 
respectively.  Measurements   with the QD light source fi t within the range of devia-
tion with the curves from the commercial hyperspectral microscope. QD imaging 
method clearly showed characteristic peaks of both nanorods and nanospheres. 

 We have shown that the use of QDs allows for low-cost hyperspectral imaging of 
biosamples with a simple standard microscope confi guration. Proper choice of dif-
ferent gold nanoparticles, such as nanorods and nanospheres, will suitably fi t 
 absorption-based analysis   using QD light multicolor sources. The use of QDs and 
gold nanoparticles demonstrated hyperspectral imaging for multi-biomarkers rec-
ognition at cellular level.   
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3.2     Colloidal QDs for Fluorescence Excitation 

 Figure  3a  shows another type of QD light source we developed for fl uorescence 
excitation. We adapted the  microcontact printing technique   reported in Ref. [ 17 ] to 
pattern CdSe/ZnS core–shell QDs onto a glass slide. An UV light (emission peak 
365 nm) from a high-power LED (200 mW) is focused and introduced inside a glass 
slide which works as a wave guide. The patterned QDs are excited in an evanescent 
fi eld on the surface of the glass slide induced by the total internal refl ection of the 
transmitted UV light. When excited, the QDs work as an illumination source for 
microscopic imaging. The light source can be used in a standard microscope to add 
the functions of absorption and fl uorescence imaging. The intensity of excitation 
observed from the microscope is negligible compared to the QD fl uorescence, 
because the UV evanescent fi eld on the glass slide decays in a sub-wavelength dis-
tance from the surface and does not transmit energy in the far-fi eld. Emission wave-
lengths ranging from 520 to 650 nm were tested.

3.2.1        Experimental Setup   

 The size and the design of patterned QDs can be chosen from millimeter scale to 
single molecular order [ 18 ], and the pattern can be easily tailored to fi t lab-on-a- 
chip cell systems. We utilized low cost printing-based techniques to construct the 
array of QD light sources, microchambers, and optical fi lters. Important potential 
applications for microdevice based systems include real-time cell culture and analy-
sis under controlled microenvironments [ 19 ] and immunofl uorescence-based detec-
tion and analysis of biomarkers. Hyperspectral imaging based on multiple-biomarker 
Immunofl uorescence enables precise identifi cation and quantifi cation of cells [ 20 ]. 
The QD light source fi ts well with arrayed micro cell culture chambers, providing a 
suitable design for excitation sources used in such multicolor fl uorescence micros-
copy. Here we used the light source for arrayed microanalytical systems for cell 
culture, analysis, and imaging. The effi cacy of our light source was tested through 
fl uorescence imaging of cancer. Two types of cancer cells (MDA-MB 435 and 
SKBR3) were cultured in a microwell array and immunofl uorescence imaging was 
conducted to quantify the disease specifi c protein expression. 

  Fig. 3    Fluorescence imaging with the QD light source. Reprinted from Ref. [ 12 ], copyright (2014), 
with permission from Elsevier. ( a ) Fluorescence excitation setup. ( b ) Schematic of the experimen-
tal setup. The emission from the light source QD (QD540) excites the sample QD (QD620). ( c ) 
( Left ) Transmission spectra of the cyan fi lter and the red (magenta + yellow) fi lter, which were used 
as the excitation fi lter and the emission fi lter, respectively. ( Middle ) Emission spectra of the QD 
light source (QD540) before and after the excitation fi lter. ( Right ) Emission from QD620 before 
and after the emission fi lter. ( d ) Bright fi eld ( left ), reference fl uorescence ( middle ), and QD-excited 
fl uorescence ( right ) images of SKBR3 cells ( top ) and MDA MB 435 cells ( bottom )       
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 Figure  3b  shows the experimental fl uorescence imaging setup, where colloidal 
QDs are used as both the excitation source and the fl uorescence marker. It included a 
PDMS microwell array, excitation and emission fi lters, and the QD light source. The 
microwell array contains fi ve by fi ve micro cell culture chambers at 2 mm (w) × 2 mm 
(l) × 1.5 mm (d), arranged with a pitch of 5 mm. The well array was designed to fi t the 
patterned QD light source. The microarray is made by replicating a master mold built 
by a three dimensional prototyping printer. It should be noted that all three main 
components were built through low-cost printing techniques. The optical fi lters were 
printed out on a transparent plastic fi lm by a commercial service (PsPrint.com). An 
example of excitation and mission fi lters placed on an arrays of microwells is shown 
in the photographs in Fig.  3b . Combinations of cyan, magenta, and yellow dyes are 
easily available with most commercial printing systems. Other types of dyes may be 
used and patterned by inkjet printing for different absorption characteristics. 

 Transmission spectra of the excitation fi lter and the emission fi lter were used in 
the measurement (Fig.  3c  left). In order to obtain the desired transmission charac-
teristics, multiple fi lms are used. The excitation fi lter and the emission fi lter were 
two layers of cyan fi lms, and fi ve layers of red (magenta + yellow) fi lms, respec-
tively. The excitation fi lter includes a UV-cut plastic thin fi lm (thickness 100 μm) to 
prevent cross excitation of sample QDs by stray lights from the UV LED.  

3.2.2     Fluorescence Excitation  and Imaging   

 Emission from the light source QDs (emission peak at 540 nm, QD540) is fi rst fi l-
tered by the excitation fi lter (cyan fi lter). The emission from QD540 and the fi ltered 
signal are shown in Fig.  3c  middle. The cyan fi lter cuts the portion of the emission 
in the range over 600 nm. 

 The fl uorescent marker to be imaged is QDs with the emission peak at 620 nm 
(QD620). 

 The fi ltered excitation light excites the sample, which are another type of (emis-
sion peak at 620 nm, QD620). Figure  3c  right shows measured fl uorescence emission 
from QD620 (top) without and (bottom) with the emission fi lter (red fi lter). Note that 
excitation light from QD540 is found in without the emission fi lter measurements. 
The emission fi lter separates the QD620 fl uorescence from the excitation light. 

 We cultured cancer cells in the PDMS microchamber and conducted immuno-
fl uorescence imaging. SKBR3 (breast cancer) and MDA MB 435 (melanoma) were 
used as model cancer cell lines. We used a breast cancer cell biomarker HER2 as the 
model marker. HER2 overexpression is found in certain aggressive types of breast 
cancer and is used to characterize types of breast cancer. There are therapies 
designed for HER2+ breast cancer. SKBR3 is a breast cancer cell line known to 
overexpress HER2, while MDA MB 435 shows only marginal or no expression 
[ 21 ]. Grown cells are fi xed on the bottom of the microchamber using ice cold ace-
tone and labeled with QD markers. QDs used are with the emission peak at 625 nm 
(Qdot ®  625 Antibody Conjugation Kit, Life Technologies™) functionalized with 
HER2 (1 mg/mL, provided by the University of Texas Southwestern Medical 
Center) antibodies as the biomarker. 
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 Reference bright fi eld images and fl uorescence images SKBR3 cells and MDA 
MB 435 cells, are shown in Fig.  3d  left and middle panels. For the reference images, 
a fl uorescence fi lter cube (excitation: peak 535 nm/bandwidth 50 nm, dichroic mir-
ror: 565 nm long-pass and emission: peak 610 nm/bandwidth 75 nm), was used for 
fl uorescence excitation and imaging with a color CCD camera (Olympus DP71). 
The exposure time was 50 ms. 

 Figure  3d  right panels are the fl uorescence images excited with the QD540 light 
source and recorded with a cooled monochromatic CCD. Instead of the printed 
emission fi lter, we used a commercially available bandpass fi lter (570–650 nm) for 
imaging purpose. The other components including the excitation QD, the excitation 
cyan fi lter, the PDMS microwell array are the same as illustrated in Fig.  3b . Both 
fl uorescence images were taken with the exposure time of 5 s. Fluorescence is 
observed with SKBR3 cells, while no visible signal was observed for MDA MB 435 
cells, indicating the different expression levels of HER2 for the two cell lines 
(SKBR3: HER2+, MDA MB 435: HER2-). 

 In conclusion, we have  developed   a micropatterned QD-based excitation light 
source for compact cellular screening. QD fl uorescence imaging of cancer cells was 
conducted to demonstrate the capability of immunoassay-based cancer cell analy-
sis. Low cost printing techniques are used to fabricate microwells and optical fi lters 
used to construct the experimental setup. Arrayed fl uorescence excitation is suitable 
for patterned immunoassays [ 22 ,  23 ] and cellular microarray imaging [ 19 ], where 
multiple markers are used in a microarrayed confi guration.    

4     Electrically Excited Quantum Dots for Biomedical 
Imaging 

 QDs can be electrically excited to  emit fl uorescence   as in QD light emitting diodes 
(QDLEDs) [ 24 – 26 ].  QDLEDs   have shown great promise for large-area, bright dis-
plays due to their excellent electro-photo luminescence properties. Electrical excita-
tion of QDs will further extend the possibility of microscopic illumination for 
compact imaging and sensing applications. The well-controlled emission wave-
lengths and narrow bandwidth of QDs gives QDLEDs a considerable potential as 
excitation sources for  fl uorescence microscopy  . The electrically pumped QDs 
enable multicolor, self-illuminating systems with no conventional optics needed for 
light coupling. 

 QD-based light emitting devices are typically fabricated with organic carriers 
transporting layers deposited on  indium tin oxide (ITO)   substrates [ 27 – 29 ]. These 
organic structures are susceptible to oxygen, moisture, thermal, and electrochemical 
degradation [ 30 ,  31 ], which makes the use of QDLEDs in integrated microanalyti-
cal systems diffi cult or ineffi cient. It is desirable to have robust  inorganic transport 
layers   for LEDs that can be used for imaging applications. Early examples of inor-
ganic QDLEDs used ITO [ 32 ] or NiO and ZnO:SnO 2  [ 33 ]. 
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4.1      QDLED on  Silicon   

 We demonstrated electrical excitation of QDs micropatterned on silicon carrier 
transporting layers [ 24 ,  25 ]. The silicon substrate is used as the hole transporting 
layers and the inorganic (ZnO:SnO 2 ) electron transporting layer was deposited on 
top of QDs. Deposition of uniform quantum dots on substrates is critical for creat-
ing QDLEDs. It is diffi cult to use standard lithographic processes to pattern QDs, 
because they are inhomogeneous in nature and contain a semiconductor material 
and organic capping. We developed a modifi ed microcontact printing method to cre-
ate micropatterns of QDs on silicon substrates. In short, the colloidal QDs resus-
pended in hexane are used in a modifi ed Langmuir Schaffer technique to create 
monolayers of QD fi lms, which are picked up by PDMS stamps and transfered on 
silicon substrates [ 24 ,  25 ]. An alternate reported method includes inkjet printing 
[ 34 ], where QD suspensions can be printed onto substrates. 

 Figure  4a  shows examples of electroluminescence observed from QDLEDs. 
Because our device consists of metals, silicon and metal oxides, it is compatible 
with a standard silicon microfabrication process for photolithography-based inte-
grated circuits and microelectromechanical systems. The bottom left two panels in 
Fig.  4a  show  QDLED   light sources, which are based on photolithographically pat-
terned electrodes. In addition we used e-beam lithography to fabricate PDMS 
microstamps with submicrometer patterns. The size of the patterned nanoscale light 
source was found to be submicrometer [ 25 ]. The compatibility with existing micro-
fabrication techniques will open up several new applications of QDs in biomedical 
imaging. Fixed MDA435 cancer cells stained with HEMA-3 were placed over the 
multicolor QDLED source and imaged with a microscope under a different excita-
tion wavelength (Fig.  4b ). The experimental setup illustrated in the right panel of 
Fig.  4b  was used to observe cells. We were able to observe the absorption character-
istics of different parts in the cells.

4.2         QDLED for  Scanning Probe Microscopy   

 Fraunhofer diffraction of light limit the resolution of a conventional optical sys-
tems. Scanning probe microscopy (SPM) is a technique that overcomes the resolu-
tion limit by mechanically scanning probe tips. The Atomic Force Microscope 
(AFM) is the most commonly used SPM tool to image biosamples at nanometer 
scale resolution. Near-fi eld scanning optical microscopy (NSOM), also known as 
scanning near-fi eld optical microscopy (SNOM), is a type of scanning microscopy 
that utilizes a nanometer scale light source created at the tip of an AFM probe to 
measure maps of sub-wavelength optical properties [ 35 – 37 ]. Since it is based on the 
AFM technology, it can simultaneously measure nanoscale topographic profi les. 

 Implementation of typical types of NSOM is shown in Fig.  4c  left. The nanoscale 
light source scans the sample surface to induce a nanoscale optical interaction 
between the light source and the sample, which is recorded by a photon detector. The 
optical resolution of NSOM is mainly defi ned by the size of the light source and the 

J.X.J. Zhang and K. Hoshino



457

tip–sample distance. The probe tip is usually fi xed in the focal point of the detector 
optics and the sample stage is displaced to keep the tip and the sample surface in a 
controlled distance. The photo detector is either located under the sample in an 
inverted microscope confi guration, or attached to a side-viewing microscope to 

  Fig. 4    Electrically excited QD light source for integrated microscopy. ( a ) QD light emitting 
diodes patterned on silicon hole transporting layers. ( b ) Fixed MDA-MB435 cells imaged by the 
QDLEDs on silicon. Experimental setup is illustrated on the right panel. ( c ) Overview of the near- 
fi eld scanning optical microscopy. ( d ) QDLEDs created at the tip of a silicon microprobe. ( e ) ( Left ) 
Electroluminescence spectra of the QDLEDs. ( Middle ) Topographic image of patterned QDs with 
the peak emission wavelengths of 780 nm. ( Right ) Simultaneously recorded fl uorescence image 
excited by the tip-embedded QDLED. Figures ( d ) and ( e ) are reprinted from Ref. [ 26 ], copyright 
(2012), with permission from American Institute of Physics       
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detect scattered light. Different types of NSOM tips are summarized in Fig.  4c  right. 
The most common type of NSOM tip utilizes a nanometer-sized aperture, which 
allows nanometer sized laser emission at the tip. Metal-coated tapered optical fi ber 
is common in this scheme [ 36 ]. Plasmonic  tips   utilize localized surface plasmon 
resonance to create enhanced electromagnetic fi eld at the metal tip [ 38 ]. Probe tips 
attached with a metal nanoparticle [ 39 ] also create similar effect of localized surface 
plasmon resonance and can be categorized as type this type. Functional probes are 
attached with a small-sized light emitting element at the tip. Such functional materi-
als include organic dyes [ 40 ], and nanodiamonds [ 41 ], and quantum dots (QDs) [ 42 ]. 

 The compatibility of our silicon based QDLED has enabled the creation of 
nanoscale QDLED at the tip of NSOM probes [ 26 ] (QDLEDs). Figure  4d  shows mul-
ticolor electrically induced emission from the QDLEDs. The emission spectra mea-
sured from the probe QDLEDs are shown in Fig.  4e . The narrow bandwidth of colloidal 
QDs made it possible to use QDLED at the tip as an excitation sources for fl uorescence 
imaging. We have conducted NSOM fl uorescence imaging with the QDLED probe. 
Figure  4e  right two panels show the result of topographic and fl uorescence excitation 
imaging. The sample was patterned QDs with the peak emission wavelengths of 
780 nm. The sample QDs are patterned on a glass substrate and measured with QDLED 
create at the NSOM tip. The emission peak of the QDLED was 610 nm. The measured 
sensitivity of fl uorescence intensity to the QDLED–QD sample distance was down to 
50 nm order, demonstrating spatially resolved fl uorescence imaging.   

5     Conclusion 

 We review applications of QDs as fl uorescent markers or excitation source in hyper-
spectral microscopy. We propose methods of using QD light sources for solid state 
swept light sources and excitation sources for fl uorescence imaging. The QDs can 
be simply excited by a UV light or in an electrical excitation setup. The emission 
wavelength can be easily controlled thanks to the emission tunability of collidal 
QDs. We used gold nanoparticles as optical markers for hyperspectral microscopy. 
Due to the effect of localized surface plasmon resonance, gold nanoparticles dem-
onstrate size and shape-dependent absorption spectra. We employed QD light 
sources in a custom-built microanalytical system developed on a standard micro-
scope, and successfully performed hyperspectral absorption imaging and fl uores-
cence imaging. We further explored the use of electrically excited colloidal QDs in 
microelectromechanical systems (MEMS)-based microscopes. 

 Our QD light source can be used for other types of spectroscopy techniques, 
including pulse oximetry [ 43 ] or tissue spectroscopy [ 44 ], where the absorption char-
acteristics are correlated with the physical status of the examinee. Further applica-
tions beyond biomedical imaging may be the use as an illumination source alternative 
to conventional RGB-LEDs. Conventional RGB color spaces, such as sRGB or 
Adobe RGB, cover only a portion of visible colors [ 45 ], while the QD-based light 
sources can simulate any spectrum expressed as linear combinations of multiple QD 
emission peaks in the visible and IR range. We have shown the strong potential of the 
QD light source for biomedical and industrial imaging.     
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